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ABSTRACT
This work is divided into two comprehensive subjects exploiting fundamental properties
of physical chemistry to understand applied materials. The two subjects will be: the inelastic
neutron scattering of thin polyethylene terephthalate (PET) films and the design and
development of a quartz crystal microbalance-based ethylene detector. For the work involving
the thin films, the inelastic neutron scattering (INS) was accomplished using the high flux of the
VISION vibrational spectrometer at the Spallation Neutron Source yielding the highest quality
data currently available. The torsional vibrational modes of biaxially oriented PET (bPET) will be
reported with the help of DFT calculations to aid in assignment of normal modes in the INS
spectrum. This work will provide a template for more complex polymer systems as well as give
insight into the dynamical change taking place upon biaxial orientation. This fundamental study
was a necessary step in understanding the macroscopic properties of decorated thin films
through the Eastman Innovations Network. However, due to the proprietary nature of the
composition of the decorated thin films, this section will focus solely on the fundamental results.
The second subject of the study moves past mere fundamental studies to a more
materials application topic via the decoration of a quartz crystal microbalance (QCM) to facilitate
the selective binding of ethylene gas for applications in gas sensing. The molecule used in the
decoration was HKUST-1, a metal organic framework (MOF), with a high surface area and
increased affinity for ethylene gas. The high sensitivity of the QCM produces the ability to directly
measure gas adsorption in the nanogram regime while maintaining a +/- 0.1 Hz stability. This
study will present a comparison of interactions with different gases, a brief thermodynamic study
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of the ethylene-HKUST-1 interaction to acquire the heat of adsorption, and early in operando
measurements using the ethylene produced from the ripening of bananas.
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CHAPTER ONE – INTRODUCTION AND BACKGROUND INFORMATION
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Physical Chemistry in Materials
The development of novel materials has shaped modern society. Just as important as the
continued development of new materials is the characterization and fundamental understanding
of their chemical properties—often using techniques rooted in physical chemistry. It is the
chemical properties and characteristics present in materials, including heat capacity,
conductivity, permeability, and gas storage capability that propel the discovery of new
applications, theories, and chemical development forward. The work in this dissertation, though
different in application, focuses on the fundamental understanding and implementation of
applied materials towards fostering development in the field of materials science and biological
sensors.
This dissertation focuses on two topics. The first topic involves the investigation of the
neutron vibrational spectrum of biaxially-oriented polyethylene terephthalate (bPET) to provide
a fundamental understanding of the vibrational modes responsible for a widely used substrate
in many electronics, thermal insulators, and storage containers. It is my hope that the data
presented here, which will appear in a future publication, will act as a guide for the innovation
and understanding of functionalized bPET and future PET substitute materials. The preprint for
this publication breaking down each of the findings is presented in Chapter 3.
Instead of focusing on the substrate itself, the second topic concentrates on modifying
the surface of a substrate with HKUST-1 to act as a biological sensor for a gas ubiquitous in the
growth and development−specifically the ripening process− of fruits and vegetables: ethylene.
The hope is that by monitoring ethylene “hot spots,” we can mitigate food waste in better
stewardship of the Earth’s limited resources. The project combines the exceptional nanogram
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sensitivity of a quartz microbalance with the high sorption uptake and selectivity of HKUST-1
towards ethylene gas to create an inexpensive and effective gas sensor. Volumetric adsorption
isotherms, atomic force microscopy and in operando studies were conducted to examine the
potential application of this material and its comparison to other sensors in the field. This work
is presented in a preprint in Chapter 4.

Polyethylene Terephthalate
PET is one of the most-produced thermoplastics worldwide and remains a favorite object
of study in chemical engineering and basic polymer chemistry.1-2 The mechanical properties of
PET are intimately related to its structure from the molecular level up. The polymer backbone is
composed of several polyethylene terephthalate, C10H8O4, monomer units. This simple structure
can, however, be subdivided into two conformational components (trans and gauche) depending
on the dihedral angle of the ethylene glycol (EG), O-CH2-CH2-O, group. For the trans conformation
the dihedral angle is 180 and for the gauche conformation it is 70.3 The hardness and stiffness
of PET are related to the crystallinity of the film, where the transparent and ductile properties
are introduced through amorphization of the material.4 This degree of crystallinity is directly
related to the ratio of trans and gauche-EG units.5 Therefore, crystalline PET is generally believed
to be the “all trans” EG conformation, which naturally leads to straight chains and by contrast
the gauche EG, which introduces a kink in the straight chain about the C-C bond, is linked to the
amorphous nature. These different conformations can be seen in Figure 1.
Though PET is commonly found in the form of bottles, rigid packaging, and fibers it is also
produced in thin flexible films known as Mylar or, biaxially-oriented PET (bPET). The bPET film is
different from regular PET resulting from its synthesis conditions. The molten form is quenched
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Figure 1 – (top) short gauche-PET oligomer; (bottom) short trans-PET oligomer
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into the amorphous state at a low temperature by extruding it onto a chilled roller and then
crystallinity is reintroduced by stretching the material into a film in two axial directions at an
increased temperature (between the glass transition temperature, 67-81 C, and the melting
point, 260C).6-7 This induces orientation of the trans-EG PET chains along the two directions in
the film, causing a local ordering, or crystallinity, and imparting bPET with desirable properties
such as high tensile strength, tear resistance, optical transparency, and gas barrier properties. 1, 8
Though crystallinity is reintroduced, it still has both amorphous and crystalline regions making it
a semicrystalline material.
A significant feature about bPET is that it is a flexible insulator making it an excellent
substrate for applications in non-permeable packaging, adhesive backing, and flexible
electronics.9-10 A large portion of the work with bPET involved studying the microstructure of
different decorated films and the role of surface roughness in the underlying substrate (bPET)
played on decorated layering using atomic force microscopy. Unfortunately, due to the
proprietary nature of the study, this work will focus on another important aspect of the bPET
film, which is a fundamental study of the molecular dynamics. With PET being a still incredibly
relevant material, where the model is only partially understood, this work will discuss the findings
in a comprehensive breakdown of the mid energy transfer region of PET, corresponding to wags,
rocking and torsions of hydrogen in the vibrational spectrum.
The importance of investigating the vibrational spectrum of PET is linked to the ability to
relate features in the vibrational spectrum to macroscopic properties of other polymeric
materials with similar composition. This has already been done using the lower energy transfer
region, phonon modes, of the neutron vibrational spectrum to understand a slightly more
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complex PET analogue in the form of polyethylene furanoate (PEF). The only difference to the
molecular structure is that a furan ring was introduced instead of a benzyl ring, which further
complicates the vibrational spectrum. Using the low energy transfer region of the neutron
vibrational spectrum, the ring flip mode present in PET was correlated to lower gas barrier
properties, where the stiffened low frequency modes present in PEF enhanced this property.11
Ultimately, the work presented in this dissertation, focusing on the mid energy transfer region of
the neutron vibrational spectrum, will be a useful template for understanding advanced PETbased materials and PET analogues.

Introduction to Vibrational Spectroscopy
The study of molecular vibrations provides fundamental understanding for the way
chemistry occurs at surfaces, and in bulk materials. Physical and chemical changes affecting the
nanoscopic properties of materials are reflected in vibrational spectra, which makes
spectroscopy – in its various forms – one of the most useful approaches for the study of matter.
The simplest view of matter is as an aggregate of molecules or atoms. Atoms are bound to one
another by exchange of electron density through chemical bonds. This leads to the simplistic view
of atoms as point masses connected by interatomic forces (“springs”). In the harmonic
approximation, normal coordinates can be introduced and vibrational modes can be
decomposed into normal modes.12 In a normal mode, all atoms move in phase (i.e., reach a
maximum or minimum displacement at the same time) with the same frequency. The number of
modes of vibration that each molecule will have depend on the vibrational degrees of freedom
and whether it is linear or nonlinear. For linear molecules there will be a total of 3N-5 vibrational
modes and for nonlinear molecules there are 3N-6 vibrational modes where N is the number of
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atoms. The 3N total degrees of freedom, based on cartesian coordinates, are made up
translational, rotational, and vibrational degrees of freedom. The first three coordinates are
composed of translational degrees of freedom, whereas two or three possible rotational degrees
of freedom are associated with linear or nonlinear molecules, respectively. Translational or
rotational degrees of freedom involve motion of the entire molecule’s center of mass or about
the center of mass and differ from internal modes of vibration in that respect. Internal modes of
vibration in simple situations are often classified as stretches (motion of atoms in a chemical
bond along the bond direction); bending modes (bending of an angle between three atoms); and
torsion (twisting of a group of atoms about a chemical bond). Anharmonicity, intermolecular
forces, and other effects tend to spoil this somewhat simplistic classification scheme with mode
coupling leading to more complex motion. Nonetheless this simple classification remains in use
today.
Various experimental techniques have been developed to study vibrational modes, e.g.,
infrared (IR) absorption, Raman scattering, electron energy loss spectroscopy (EELS) and neutron
vibrational spectroscopy (NVS). All of them involve the interaction of some form of radiation with
matter: photons, electrons, or neutrons. The physics involved is different for each form of
radiation, and each technique has its advantages and limitations. Infrared and Raman
spectroscopy are the most popular and conveniently applied spectroscopic methods, due to the
availability of benchtop instruments. They frequently complement the information obtained
from neutron vibrational spectroscopy. Vibrational spectroscopy is very useful to the chemist to
identify the presence of certain functional groups in a molecule (“fingerprint” modes), to clarify
molecular structure or changes in molecular conformation, or to observe bond making or bond
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breaking in a chemical transformation. Vibrational modes also contribute to the thermodynamic
properties of materials (e.g., entropy, specific heat, thermal conductivity, etc.) and are of great
interest in and of themselves.13
Comparison of Spectroscopic Techniques
Infrared spectra originate for the absorption of energy from (infrared) radiation inducing
a transition between two vibrational states of a molecule or group of atoms.14 In infrared
spectroscopy, electromagnetic radiation interacts with the electrons in atoms and molecules
through absorption. The corresponding selection rule implies a change in dipole moment
(magnitude or direction) for a mode to be IR-active. Practically, in IR spectroscopy light is passed
through a thin sample, and the minima in the absorption spectrum correspond to the frequency
of the specific normal modes.
Raman spectroscopy involves the scattering, rather than the absorption of light.
Irradiation of a molecule with (typically visible or UV) light at a frequency, , induces a change in
electronic polarization with subsequent emission of light at a frequency, , (Rayleigh scattering)
and at frequencies  +/- i, where i is the frequency of the vibrational mode (Raman
scattering).15 Thus, the change in frequency of scattered light corresponds to the frequencies of
normal modes of the probed molecule. The condition for a vibrational mode to be Raman-active
is a change in electronic polarization. This selection rule is different from that mentioned above
for IR absorption spectroscopy. As a result, IR and Raman spectroscopy often provide
complementary information.
Neutron Vibrational Spectroscopy is fundamentally different from the optical methods
described briefly above in that the interaction between neutron and nucleus is mediated by the
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strong interaction rather than the electromagnetic interaction. The selection rule that sometimes
hamper the use of IR or Raman spectroscopy are absent in the case of neutron vibrational
spectroscopy. This allows NVS to measure all vibrational modes in the spectrum.16 This makes
neutron scattering an excellent complementary technique to measure the full vibrational
spectrum. A further advantage of NVS is its sensitivity to hydrogen. Protium has the largest
thermal neutron scattering cross section of all radionuclides in the chart of nuclides, which makes
it easy to observe the dynamics of bonds or groups of atoms containing hydrogen.17 A third
advantage of NVS is the simplicity of the neutron-nucleus interaction at thermal neutron
energies. The interaction potential is a delta function at the nucleus location multiplied by the
neutron scattering length of the nuclide of interest. the scattering length is constant and
independent of neutron energy in the thermal range. This permits an easy, quantitative
calculation of the experimental neutron vibrational spectrum (frequencies and intensities) from
the dynamical matrix (described below). This is much more difficult for IR or Raman owing to the
mathematical complexity of the electron-photon interaction. Finally, it is worth mentioning that
as neutrons have no charge, they penetrate deeply into matter and the vibrational spectrum is a
bulk average. Optical radiation penetrates very little into matter and can be affected by surface
effects.18
Wave Particle Duality with Neutrons
Slow (thermal or cold) neutrons can behave as both a particle and a wave. This duality is
described by the de Broglie equation:
ℎ

𝜆=𝑚

𝑛𝑣

9

(1)

where  is the de Broglie wavelength, h is Plank’s constant, mn is the mass of a neutron, and v is
the velocity of the neutron. It is important to note that the momentum is just the product of the
mass and velocity of the neutron. A benchmark experiment showcasing the wave-like properties
of neutrons was provided in an experiment by Zeilinger et al in 1988 where he reproduced results
from the Young’s double-slit experimental conditions showing that neutrons could produce
interference patterns.19 Because of this property, neutrons also have a kinetic energy, 1/2m nv2,
related to this wavelength in:
ℎ2

𝐸 = 2𝑚

𝑛𝜆

2

(2)

This relationship allows for a classical representation of how neutron scattering can be applied
over an entire spectrum of energy ranges for different applications.
Fermi’s Golden Rule
In an INS experiment, the scattering cross determines the scattering intensity and
probability of a transition. In a typical set up, a neutron comes in at some incident wavevector k,
interacts with the target by exchanging kinetic energy and momentum, and scatters with some
wavevector k’. This propagation of the scattered neutrons with respect to k can be described by
the polar angle , and the azimuthal angle, , shown in Figure 2. The incident neutron energy is
given by:
ℏ2 𝑘 2

𝐸=

2𝑚

(3)

where m is the mass of a neutron. The probability that this transition happens, Wk→k’, is given by
Fermi’s Golden rule, which is equivalent to the Born approximation for scattering processes: 20
𝑊𝑘→𝑘 ′ =

2𝜋
ℏ

2
|∫ 𝑑𝑟Ψ𝑘′ 𝑉̂ Ψ𝑘 | 𝜌𝑘 ′ (𝐸)

10

(4)

Figure 2 – Geometric representation of a neutron scattering experiment.18
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In this equation 𝑉̂ is the scattering potential responsible for the transition, k’ and k are
the plane-waves describing the state of the incident and outgoing neutrons (Ei and Ef), and k’(E)
is the density of the final scattering states per unit energy range. If the probability of this
transition is divided by the incident flux of the neutrons, we arrive at a definition for the
differential cross section:
𝑑𝜎

2

𝑚

(𝑑Ω) = ((2𝜋ℏ2 ) |⟨𝑘′|𝑉̂ |𝑘⟩|)

(5)

This expression is helpful for understanding the elastic scattering, when the initial and final
neutron energies are the same.
The corresponding expression for inelastic scattering (exchange of energy and
momentum between the neutron and the target) is more complex. If we denote the initial and
final states of the target as  and ’, an equation for the inelastic scattering cross section may be
expressed as:
𝑑𝜎

(𝑑Ω)

𝑘,𝜆→𝑘′𝜆′

=

𝑘′
𝑘

2

𝑚

) |⟨𝑘′𝜆′|𝑉̂|𝑘𝜆⟩|)
2𝜋ℏ2

((

(6)

Because energy must be conserved as it is transferred to the target we get
ℏ2 𝑘 2
2𝑚

+ 𝐸𝜆 =

ℏ2 𝑘 ′
2𝑚

2

+ 𝐸𝜆′

where the two energy terms for the incident and outgoing neutrons,

(7)
ℏ2 𝑘 2
2𝑚

and

ℏ2 𝑘 ′
2𝑚

2

, can be

combined into a single term
ℏ2

ℏ𝜔 = 2𝑚 (𝑘 2 − 𝑘′2 ) = 𝐸 − 𝐸′
which gives the energy transfer for a typical inelastic neutron experiment. 21
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(8)

The Double Differential Scattering Cross Section
When the previous described energy condition in Eq. 6 is made a part of Eq. 5 and put in
a slightly more convenient form, the equation for the partial differential cross-section can be
produced from Eq. 4.
𝑑2 𝜎

(𝑑ΩdE′)

𝑘,𝜆→𝑘′𝜆′

=

𝑘′
𝑘

2

2
𝑚
(2𝜋ℏ2 ) |⟨𝑘′𝜆′|𝑉̂ |𝑘𝜆⟩| 𝛿(ℏ𝜔 + 𝐸𝜆 − 𝐸𝜆′ )

(9)

This equation only describes energy and momentum transfer. An additional complication arises
from the fact that neutrons have a spin. Let the probability of the final state, ’, averaged over
all the initial states will be expressed as . The final and initial spin states will be denoted as ’
and , giving the probability distribution of the spin polarization as . Accounting for each of
these things, a master equation for the total partial differential cross-section can be produced.
𝑑2 𝜎

(𝑑ΩdE′)

𝑘,𝜆→𝑘 ′ 𝜆′

=

𝑘′
𝑘

2

2
𝑚
(2𝜋ℏ2) ∑𝜆,𝜎 𝜌𝜆 𝜌𝜎 ∑𝜆′ ,𝜎′|⟨𝑘′𝜎′𝜆′|𝑉̂|𝑘𝜎𝜆⟩| 𝛿(ℏ𝜔 + 𝐸𝜆 − 𝐸𝜆′ ) (10)

The scattering potential, V, for the (thermal) neutron-nucleus interaction is described by the
Fermi pseudo-potential, the product of the (energy-dependent) neutron scattering length, b, for
the nucleus of interest by a delta function centered on the nucleus. With this simple form for the
potential, the partial differential scattering cross section may be expressed in terms b, the nuclear
scattering length.21-22
𝑑2 𝜎

(𝑑ΩdE′) =

𝑘′ 1
𝑘 2𝜋ℏ

∞

∑𝑗𝑗′ 𝑏𝑗 𝑏𝑗′ ∫−∞ 〈𝑒

−𝑖𝑄∙𝑅𝑗′ (0) 𝑖𝑄∙𝑅𝑗 (𝑡)
〉×
𝑒

𝑒 −𝑖𝜔𝑡 𝑑𝑡

(11)

In this equation j and j’ are different nuclei, R is the position at some time, and Q is the
momentum transfer, Q=k-k’. Finally, by treating the b values as an average of the ensemble of
scattering systems, the partial differential cross section can be split into a coherent and
incoherent function by assuming no correlation between b values of different nuclei.
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𝑑2 𝜎

(𝑑ΩdE′)

𝑐𝑜ℎ

𝑑2 𝜎

(𝑑ΩdE′)

𝑖𝑛𝑐

=
=

∞

𝜎𝑐𝑜ℎ 𝑘′ 1
4𝜋 𝑘 2𝜋ℏ

∑𝑗𝑗′ ∫−∞ 〈𝑒

−𝑖𝑄∙𝑅𝑗′ (0) 𝑖𝑄∙𝑅𝑗 (𝑡)
〉
𝑒

× 𝑒 −𝑖𝜔𝑡 𝑑𝑡

∞

𝜎𝑖𝑛𝑐 𝑘′ 1
4𝜋 𝑘 2𝜋ℏ

∑𝑗 ∫−∞〈𝑒 −𝑖𝑄∙𝑅𝑗(0) 𝑒 𝑖𝑄∙𝑅𝑗(𝑡) 〉 × 𝑒 −𝑖𝜔𝑡 𝑑𝑡

(12)
(13)

Where the coherent and incoherent cross sections are
𝜎𝑐𝑜ℎ = 4𝜋𝑏̅ 2
̅̅̅2 − 𝑏̅ 2 }
𝜎𝑖𝑛𝑐 = 4𝜋{𝑏
These two equations are important because they distinguish between coherent and
incoherent scattering. Typically, the coherence effects explain the collective motion of all nuclei
in the system, where the incoherence effects highlight the contributions from individual motions,
uncoupled in space and time with the motion of other atoms or groups of atoms. The cross
sections defined can be related to space-time correlations that further refine the description of
a system of moving atoms.20
Van Hove Formalism for Inelastic Scattering
The thermal averages of the cross sections defined earlier can be expressed in terms of
correlations functions, which help provide additional physical insight into dynamics. In 1954, Van
Hove described the coherent and incoherent double differential scattering cross sections (eqns.
14 and 15) for a monatomic system with N nuclei, where the total double differential scattering
cross section is a combination of the coherent and incoherent portions.21, 23
𝑑2 𝜎

𝑑2 𝜎

(𝑑ΩdE′)

𝑡𝑜𝑡

= (𝑑ΩdE′)

𝑑2 𝜎

𝑐𝑜ℎ

+ (𝑑ΩdE′)

(14)
𝑖𝑛𝑐

The coherent portion for N nuclei is given as
𝑑2 𝜎

(𝑑ΩdE′)

𝑐𝑜ℎ

=

𝜎𝑐𝑜ℎ 𝑘 ′
4𝜋 𝑘

14

𝑁𝑆(𝑄, 𝜔)

(15)

where the scattering function, 𝑆(𝑄, 𝜔), is the Fourier transform of 𝐺(𝑅, 𝑡), which is the timedependent pair-correlation function of space and time coordinates, R and t. The coherent portion
of scattering function in terms of 𝐺(𝑅, 𝑡) can thus be written as
1

𝑆(𝑄, 𝜔) = 2𝜋ℏ ∬ 𝐺(𝑅, 𝑡)𝑒 𝑖(𝑄∙𝑅−𝜔𝑡) 𝑑𝑅𝑑𝑡

(16)

where 𝐺(𝑅, 𝑡), for a classical system, describes the probability that an atom at R=0 and t=0 will
be found at some later position, R, and time, t. The same is also true for any other atom in the
system to be found at a later position and time. The incoherent portion of the double differential
scattering cross section for N nuclei is given by
𝑑2 𝜎

(𝑑ΩdE′)

𝑖𝑛𝑐

=

𝜎𝑖𝑛𝑐 𝑘 ′
4𝜋 𝑘

𝑁𝑆𝑖𝑛𝑐 (𝑄, 𝜔)

(17)

where incoherent scattering function 𝑆𝑖𝑛𝑐 (𝑄, 𝜔) is written in terms of 𝐺𝑠 (𝑅, 𝑡)
1

𝑆(𝑄, 𝜔)𝑖𝑛𝑐 = 2𝜋ℏ ∬ 𝐺𝑠 (𝑅, 𝑡)𝑒 𝑖(𝑄∙𝑅−𝜔𝑡) 𝑑𝑅𝑑𝑡

(18)

and 𝐺𝑠 (𝑅, 𝑡) is the self time-dependent pair-correlation function. In the classical definition,
𝐺𝑠 (𝑅, 𝑡) defines the probability that the same particle at the origin at time t, will show up at
position R at a later time, t. The most important features acquired from the scattering functions
𝑆(𝑄, 𝜔) and 𝑆(𝑄, 𝜔)𝑖𝑛𝑐 is thus the information on the structure and dynamics of the system. For
inelastic scattering, the coherent scattering function gives more information about the phonon
dispersion, whereas the incoherent scattering function gives more information about the
intramolecular dynamics of pairs or groups of bonded atoms. It is the ability to model these
scattering functions and calculate with various computational methods (ab initio, molecular
dynamics, etc.) that allows for a greater understanding of INS measurements.
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Density Functional Theory Calculations
Complementary to the experimental characterization of materials is the ability to model
the structure and calculate its properties using quantum or classical methods to facilitate spectral
interpretation. Density functional theory (DFT) has been growing in popularity since its original
discovery in 1964, when Hohenberg and Kohn showed that the total energy of a system E tot[n(r)],
could by defined as a function of the electronic density distribution, n(r). 24 The strength of DFT
lies in its ability to represent the Hamiltonian for large electronic systems as a functional of n(r),
instead of using solely the many electron wavefunction, (r1,r2…rN), approach used by other
electronic structure methods. This gives one the ability to determine all miscellaneous properties
̂ such as, the full N-particle ground state wave function, electronic polarizability, nth
related to 𝐻
order excitation energy, vibrational force constants, and potential energy surfaces for chemical
reactions.25 The description of the exchange and correlation effects as functionals greatly
improved computational costs. For N-atom systems, the computational time grows only as N2 or
N3 with DFT compared to eN for other methods.
Later on, the Kohn-Sham equations built off these findings allowed for a better
approximate description of the kinetic energy of the electrons as a functional of n(r), and
propelled DFT to its current standing as a practical computational tool.26 The total kinetic energy
for each electron in terms of Kohn-Sham orbitals can be partitioned into several contributing
energies given by
𝐸𝑇𝑜𝑡 = 𝐸𝑇 [𝑛] + 𝐸𝑉 [𝑛] + 𝐸𝐽 [𝑛] + 𝐸𝑋 [𝑛] + 𝐸𝐶 [𝑛]

(19)

where ET is the total kinetic energy of electrons, EV is the total Coulomb attraction potential
energy between electrons and nuclear centers, EJ is the total Coulomb repulsion potential energy
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between electrons, EX is the total exchange energy of the elections, and EC is the total correlation
energy of the electrons, as functions of electron density.27 However, using the correct
approximation to properly describe the exchange-correlation energy density, EXC, is arguably the
most critical for a description of the electron-electron interactions of a system that does not
involve dealing with an intractable many-body problem. Two of the most widely used
approximations in DFT are the local density approximation (LDA) and the general gradient
approximation (GGA). The difference between the two methods is that LDA functionals
parameterize the energy density as a uniform electron gas, taking the density at a point, while
GGA functionals not only take the energy density at a point but also as a gradient. Using the
correct GGA functionals, accurate approximations can be performed in modern software such as
Gaussian, CASTEP, and VASP to obtain accurate electronic structures and molecular
geometries.28-30 This information is the starting point to obtain force constants, and, therefore,
vibrational modes.
Modeling the Neutron Vibrational Spectrum
Harmonic modes are typically calculated by means of the Wilson GF method to obtain
vibrational frequencies and atomic displacements for the normal modes. This method applies a
Taylor expansion of the potential energy surface (PES) of all atoms in the system around the
minimum to obtain the Hessian of the potential, or the force derivative matrix.31 Ultimately what
these force constants and atomic displacements, eigenvalues and eigenvectors of the dynamical
matrix, give are a system that can be treated as a network of point masses connected by springs,
though the actual concept is much more complex. To obtain a scattering function that can be
compared directly with the neutron experimental data, neutron cross sections for each nuclide
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must be folded into results of the normal modes calculations. The climax software performs this
operation, computes possible overtones and combination bands, and convolutes the result with
a function describing the experimental resolution function of the instrument. This end result is
directly comparable with the experimental neutron spectrum. A more recent version of the
program can use an approximation of the experimentally measured phonon density-of-states
spectrum in S(Q,) at low frequencies to produce a calculation for large systems.32 Also, massive
molecular systems do not suffer from recoil (due to momentum exchange during the scattering
process) as much as systems with light molecules. Newer versions of the program handle recoil
corrections for lighter molecules.33 Climax requires an input of eigenvalues (frequencies) and
their corresponding eigenvectors (displacements) from a vibrational output file calculated using
a computational modeling software such as Gaussian, CASTEP, or DMol3.34 The version of the
program used throughout this work is the newest version, Oclimax, which incorporates
instrumental parameters specific to the VISION vibrational spectrometer, making it relevant to
the work presented in this dissertation.
More specifically, the software calculates the scattering functions
𝑎𝑡𝑜𝑚
𝑆(𝑄, 𝜔)𝑡𝑜𝑡𝑎𝑙 = 𝑦 ∑𝑁
𝑆(𝑄, 𝜔)𝑙 𝜎𝑙
𝑙=1

(20)

where l is the scattering cross section of atom l and y is a scaling factor. The program uses the
assumption of a quantum harmonic oscillator at 0 K in order to show each atom’s contribution
from their vibrational excitations of order n giving
𝑛

𝑆 ∗ (𝑄, 𝜔𝑣 )𝑛𝑙 = 𝑦𝜎

[(𝑄∙𝑢𝑙,𝑣 ) ]
𝑛!

2

exp [−(𝑄 ∙ ∑𝑣 𝑢𝑙,𝑣 ) ]

(21)

Where ul,v is the atomic displacement vector for each individual atom l and in mode v, and v is
the frequency of the mode (in cm-1). The exponential term in the scattering law is the Debye18

Waller term, which is responsible for the attenuation of the scattering intensities with
temperature. The program is mainly used to understand smaller molecules. Calculations for large
molecules (> 200 atoms) require a large amount of time.35

Quartz Crystal Microbalances
A Brief History
The advent of the quartz crystal microbalance was shortly after the discovery of the
piezoelectric effect in 1880 by Jacques and Pierre Curie.36 It was found that when stress is applied
to specific crystal structures, it induces an electrical potential response proportional to the
applied stress. Conversely, when an electrical potential is applied across a crystal exhibiting
piezoelectric qualities, it induces a mechanical response. The term originates from the Greek
word, piezein, meaning “to press,” leading to a general description of piezoelectricity as
“electricity under pressure.” This discovery was pivotal in the future development of piezoelectric
materials and applications. Later in 1920, Walter Guyton Cady applied this concept towards
functionalizing the first piezoelectric oscillator, which would earn him the title of the “Father of
Modern Piezoelectricity”. This was done by sandwiching a plate of quartz between two
electrodes and applying an AC current through them to result in an excitation causing oscillation
corresponding to the resonant frequency of the crystal. The main contribution that Cady
suggested however, was the effect that the specific direction of strain had on the electric
polarization of the piezoelectric crystal.37 Looking at an example from Lord Kelvin’s qualitative
model, depicted in Figure 3,38 when the lattice of crystalline quartz (SiO2) becomes strained, the
deformation in local structure causes a charge build up on the surface. Because quartz is
anisotropic, or direction-dependent, the angle of cleavage in a quartz bar plays a significant role
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Figure 3 – Lord Kelvin’s model showing the introduction of a surface charge in SiO2 by straining
the lattice, as a resulting of dislocating the centers of gravity for positive and negative charges. 38
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in the mechanical, electrical, and optical properties.39
Different Relevant Cuts of Quartz
As mentioned earlier, the angular direction of the quartz cut determines many of the
macroscopic properties exhibited by the material. A diagram showing the different axes in quartz
is shown in Figure 4. The types of cuts relevant to this work can divided into three major
categories (AT, BT, and SC) and have been tabulated for comparison in Table 1. The AT and BT
cut crystals are both single cuts made at different angles in the quartz bar, where the third cut,
SC, is the result of two consecutive cuts in different planes, x-z and x-y. Each of these specific cuts
are important toward the type of applications presented in this dissertation because they each
champion different strengths. Firstly, the cuts of each promote oscillation mainly in the thickness
shear mode. This type of oscillation, shown in Figure 5 is different from the way one typically
thinks of oscillation because it shifts from side to side in the x-y plane of the cut of quartz. The
important part about this is that it creates not only a more stable crystal in terms of resonance
but also provides an easier model, because of the absence of longitudinal waves radiating energy
into the nearby fluids (gases and especially liquids).40 The other curve, reminiscent of the one
shown important characteristic about each cut is each promotes a different stability centralized
around a different temperature. These frequency-based temperature dependencies take the
form of a cubic polynomial in Figure 6. The main influencing factor in choosing the AT-cut crystal
for this sensor was related to the exceptional frequency stability around room temperature (26
C), due to the localized zero temperature dependency. Whereas this is a suitable temperature
for these measurements, the SC-cut crystal is stable around 92 C making it more ideal for high
temperature open-based frequency monitoring applications.39
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Figure 4 – Diagram depicting the different planes and axes of a quartz bar important to angle
dependent cuts of different functionalized quartz crystals. In the diagram X is the electrical axis,
Y is the mechanical axis, and X is the optical axis. The faces on the sides are broken up into cap
faces (r/R) and prism faces (m).39
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Table 1 – Information on different cuts of Quartz crystal
Crystal Cut

Saw Angle Cut

AT
BT

=32.5 from Z-axis
=49 from Z-axis
1=22.5 from Z-axis
2=-34.3around Z-axis

SC

23

Frequency Stability
Temperature
26C
26C
92C

Stability
Good
Poor
Good

Figure 5 –Shear mode oscillation
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Figure 6 – Temperature dependency for a true AT-cut quartz crystal when cut at  = 32.25 with
the zero temperature coefficient centered around 26C.39
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The Sauerbrey Equation
The equation paramount to this study is the Sauerbrey equation where the relationship
between frequency and mass loading is described by
∆𝑓 = −𝐶𝑓 ∆𝑚𝑓
(21)
where Cf is the sensitivity factor describing the effect that the resonant frequency of the crystal
has on the sensitivity of the microbalance and ∆mf is the change in areal density of the loaded
mass. The sensitivity factor can be further broken down into
𝐶𝑓 = 2𝑓𝑞 2 ⁄√𝜌𝑞 𝜇𝑞
(22)
3
where fq is the resonant frequency, 𝜌q is the density of quartz (2.648 g/cm ) and 𝜇𝑞 is the shear
modulus of quartz (2.947 x 1011 g cm-1 s-2 for an AT-cut crystal). Though there is a general drift of
the frequency that occurs with these sorts of measurements, the important part is that what is
measured is a change in frequency given by
∆𝑓 = 𝑓 ′ − 𝑓𝑞

(23)

where 𝑓 ′ is the frequency after the mass loading. The Sauerbrey equation shows that as mass is
loaded onto the surface of the microbalance, which in this case is a product of gas adsorption, or
possibly absorption when the surface is functionalized, the frequency decreases.
Effect of Air Pressure on the QCM
When considering the change in frequency involved in sorption process on QCMs, it is
important to consider different factors that influence frequency. Some factors like surface
roughness or temperature can easily be accounted for by careful design (i.e., deposition method
or temperature regulation) however, by its nature, pressure artifacts will inevitably impact of the
frequency response. Just like with added mass, the effects of pressure can be approximated with
a simple linear dependence correction given by:
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∆𝑓 = 𝐶𝑝 𝑃

(24)

where the pressure P is given in torr and the coefficient Cp is independent on the nature of the
gas but reliant on the resonant frequency of the quartz microbalance, which can be seen for a 6
MHz microbalance using:41
𝐶𝑝 = 1.4 × 10−9 𝑡𝑜𝑟𝑟 −1 𝑓𝑞

(25)

A linear regression of the f vs pressure data can be used to extract the pressure coefficient for
an oscillator at a given frequency. Figure 7 shows such an analysis for an 8 MHz QCM.

Ethylene
A knowledge of the functions and properties of ethylene is important in understanding
the presented results and motivation behind this work. Ethylene, C2H4, is a small molecule that
plays a role in the ripening and development processes of fruits and vegetables, mainly through
the binding ethylene to the copper(I) cofactor in the ethylene response receptor, ETR-1.42-43 Using
nature as a guide to facilitate the selective binding of ethylene, many studies have focused on
using copper-based complexes to bind ethylene.44-46 The work of Swager et al inspired this study
through the use of a Cu(I) compound with a fluorinated tris(pyrazolyl) borate ligand to bind and
detect the presence of ethylene through a resistance response over carbon nanotubes. Though
this compound worked for their application, the single Cu(I) binding site did not quite provide the
assistance necessary to take advantage of a quartz crystal microbalance. Therefore, a more
suitable Cu-based compound with more binding sites was investigated for the ability to couple
with the high mass loading sensitivity of a QCM. Some important bulk thermodynamic properties
for ethylene in this work, which are relevant later in Chapter 4, can be seen in Table 2.
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Figure 7 – Typical calibration plot of frequency change (Hz) vs. pressure (torr) to solve for the Cp
coefficient relating pressure to frequency change.
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Table 2 – Select bulk thermodynamic properties of ethylene gas from the NIST Chemistry
WebBook
Property

Value

Temperature Range

Ttriple point

104  0.1 K

–

Tcritical point

282.5  0.5 K

–

Hvap

14.4 kJ/mol

120-170 K
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HKUST-1
Metal-organic frameworks (MOFs) combine aspects of both organic and inorganic
chemistry to provide tunable high surface area materials for applications in clean energy through
gas storage as well as gas separations, thin film devices, and catalysis.47 Since copper plays a role
in binding process of ethylene in nature, copper(II)-benzene-1,3,5-tricarboxylate , or HKUST-1, is
worth investigating as a MOF material to functionalize the surface of a quartz microbalance for
ethylene detection. The molecule structure of HKUST-1, along with the binding sites and pores
can be seen in Figure 8. Using both the high sorption capability of HKUST-1 with its selective
binding towards ethylene presented in the literature, this material helped exploit the QCMs
ability to measure nanogram quantities of gas as a sensor material.48-49

Thermodynamic and Surface Characterization Techniques
Adsorption Isotherms
The adsorption isotherm is perhaps the most utilized tool in the study of sorption
processes. This technique focuses on the interfacial interaction of an adsorbate, the substance
(liquid or gas) that is adsorbed, and an adsorbent, the substance (liquid or solid) that adsorbs
others, is monitored at a constant temperature. It is important to note that while this process
involves a constant temperature measurement, a study generally involves several measurements
at different temperatures to gain a complete picture of the adsorption process. The work within
this study allows for a characterization of surface area, sample quality, and thermodynamic
analysis of the gas-solid interface for the condensed system of ethylene on the MOF. This is done
through a series of volumetric expansions where the amount of substance adsorbed to the
through a series of volumetric expansions where the amount of substance adsorbed to the
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Figure 8 – Primitive cell of HKUST-1 (Cu(II)-benzene tricarboxylate (btc)) (left) and single Cu(II)btc linker (right). On the left the 4 Å pocket (green) where the 10 Å pore (blue) and 11 Å pore
(red). On the right the ethylene binding sites are indicated in blue.
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interface is tracked with regard to the equilibrium pressure of the three-dimensional vapor phase
of the adsorbate. The adsorbate can interact in two manners with the adsorbent being: physical
adsorption (physisorption) or chemical adsorption (chemisorption). In terms of the energy,
physisorption is an interaction that takes place less than 20 kJ/mol and chemisorption between
80-200 kJ/mol, however there are no discrete boundaries.50 Since both are important to the
system in study, it is important to clarify between the types of interactions. Physisorption is a
weaker form of adsorption which involves long range attraction, sometimes resulting from
dispersion forces. The important part is that no chemical bond is formed with the surface.
Chemisorption, however, occurs through strong short-range forces where a gas molecule can
bind to a surface site through the transfer of electrons, or a surface chemical bond. 51
Isotherm Classifications
The forces and mechanisms of the adsorption will have a significant impact on the
appearance of the isotherm curve profiles. Many attempts were made down the years to model
the adsorption process and relate the isotherms. One thing most notable with these attempts is
that no practical universal solution exists that can completely cover all possible scenarios, with
most only being applicable under very specific circumstances.52 The most famous of these models
was developed by Brunauer, Emmett, and Teller and is known, eponymously as the BET-Isotherm,
which achieved its notoriety due to its ability to provide a simple and consistent method for
surface area determination that has become an industry standard despite its limited accuracy
with some systems. The key to a detailed understanding of isotherms therefore lies in the
combination of quantitative techniques with a qualitative classification of the isotherm behavior.
It was this revelation that led Brunauer, Emmett, Deming, and Teller in the 1940 to compile all
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the data on isotherms of different systems into a general isotherm profile, classifying isotherms
into 5 generalized systems that reflect the nature of the collective molecule-substrate behavior.
It was not until later that the International Union of Pure and Applied Chemistry (IUPAC) updated
the classification to six types that also included desorption processes, where gas was removed
from the adsorbent, after adsorption. These six classifications can be seen in Figure 9.
In Type I isotherm, the gas strongly interacts with the substrate through chemisorption
and as a result layer formation is limited to monolayer adsorption. Each of the other
classifications are believed to result from different physisorption models. In Type II isotherms
there are steep rises in the adsorbed amount at low relative pressures (p/p0), which suggests that
there is a strong interaction at the gas-solid interface. Type III isotherms show a minimal amount
of adsorption at low pressures indicating the weak interaction at the gas-solid interface and
increased molecule-molecule interactions as the isotherm approaches the bulk vapor phase.
Type IV and V isotherms are special cases of I, II, and III that contain hysteresis loops related to
the existence of pores. The behavior of the hysteresis loops help determine the pore type,
geometry and size distribution within the system.53 It is important to note that these are highly
idealized classifications and most special cases might be a combination of multiple isotherm
types. For instance, with the HKUST-1 system, where there is both chemisorption and
physisorption taking place, the isothermal behavior can be described by a combination of types
I and II.
The early models by Langmuir in 1918 and Brunauer, Emmett, and Teller in 1938 describe
monolayer and multilayer adsorption, respectively, though both have their shortcomings. The
Langmuir model of adsorption features monolayer adsorption only on at discrete and finite
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Figure 9 – IUPAC classifications of type I, II, III, IV, V, and VI adsorption/desorption isotherms.53
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binding sites. Once all of the sites are filled in this model, no more adsorption occurs, giving type
I isotherm behavior. The Langmuir equation follows that:
𝑛𝜎
𝜎
𝑛𝑚

𝛼𝑝

= 1+𝛼𝑝

(25)

𝜎
where 𝑛𝜎 is the moles adsorbed, 𝑛𝑚
is the moles required to reach the monolayer capacity, p is

the pressure and 𝛼 is a coefficient explaining the ratio of adsorption factor (a1) to desorption
factor (b1) and an activation energy, E1. The coefficient 𝛼 is defined by:
𝐸1

𝑎

𝛼 = ( 𝑏1 ) 𝑒 (𝑅𝑇)

(26)

1

The useful form of the equation is rewritten in the linear form given by:
𝑝
𝑛𝜎

1

𝑝

= 𝛼𝑛𝜎 + 𝑛𝜎
𝑚

(27)

𝑚

𝑝

so that plotting 𝑛𝜎 vs. 𝑝 will yield a line giving values for both 𝛼 and the moles of gas required to
fill a monolayer. Aside from this model only being applicable in single monolayer systems, one of
the major shortcomings of this model is that it assumes an activation energy that is constant over
the full coverage range of the monolayer. This means that not only does it assume all binding
sites are of the same energy, but it also excludes molecule-molecule interactions of neighboring
adsorbed species as sites begin to fill up on the surface. Therefore, the Langmuir model can be a
decent approximation for chemisorption, but rarely holds in less idealized situations.
Nonetheless, this model set the foundation for other adsorption theories. The Brunauer, Emmett,
and Teller (BET) equation is an extension of the Langmuir model, by including the possibility for
multiple layers to form. The BET equation is given by:
𝑛𝜎
𝜎
𝑛𝑚

=

𝑐𝑝
(𝑝0 −𝑝){1+(𝑐−1)(
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𝑝
)}
𝑝0

(28)

where the major differences are the inclusion of a relative pressure (p/p0), where p0 is the
saturated vapor, and a constant c, which is similar to , to help describe the evaporation and
condensation behavior of each layer, with corresponding enthalpies of desorption. The constant
c is therefore written:
𝑐≈𝑒

(𝐸 −𝐸 )
{ 1 𝑣}

(29)

𝑅𝑇

where Ev is the enthalpy of vaporization. Just like the Langmuir equation, the BET equation can
also be written in the linear form:
𝑝
𝑛𝜎 (𝑝0 −𝑝)

1

𝑐−1 𝑝

= 𝑐𝑛𝜎 + 𝑐𝑛𝜎
𝑚

𝑚

𝑝0

(30)

to provide both E1, from the constant c, as well as the moles required to complete a monolayer
𝑝

by plotting 𝑛𝜎 (𝑝

0 −𝑝)

𝑝

vs. 𝑝 . Though this model describes a form of multilayer adsorption, it still
0

falls short in describing the lateral interaction of adsorbed species with each other. In addition to
assuming equal energy distribution of binding sites, which is not the case for most substrates, it
treats each layer past the first as equivalents. In the case of weekly attracted gases, the moleculesubstrate interaction diminishes with distance. However, the multilayers can still “feel” the
substrate is distant enough that the molecule-molecule interactions dominate the local structure
of the adsorbed molecules. Several models have been devised for both homogeneous and
heterogeneous systems, such as the Freundlich and Temkin models, however no one theory is
able to describe a universal pattern in the adsorption process.
The Volumetric Isotherm Experiment
The experimental process begins with the entire volume of the system evacuated
providing the assumption that all binding sites in the substrate are available. A calibrated volume,
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Vcal, is brought to a specific pressure, pi, of adsorbate gas, which is then expanded into a sample
cell in a temperature-controlled setting. As the adsorbed gas comes to equilibrium with the vapor
pressure of the bulk gas phase, this pressure is recorded as pf. This difference in pressure, given
as
∆𝑃 = 𝑝𝑓 − 𝑝𝑖

(31)

is tracked as several consecutive expansions are done in order to track the amount of gas that
has been adsorbed to the substrate. To calculate the number of adsorbed molecules from the
sum of the added pressures, a correction for the molecules remaining in the vapor phase within
the dead space volume, Vds, which is the added volume from natural spaces present in between
particles with sample packing, must be considered. Therefore, the difference in temperature and
volume is accounted for using:
∑𝑚
𝑥=1 𝑛𝑎𝑑𝑠,𝑥 =

∑ ∆𝑝𝑥 ∙𝑉𝑐𝑎𝑙
𝑅𝑇𝑐𝑎𝑙

−

𝑃𝑓𝑥 𝑉𝑑𝑠
𝑅𝑇𝑐𝑒𝑙𝑙

(32)

where x is the index for each isothermal data point, Tcal is the temperature of the calibrated
volume, often held at room temperature, Tcell is the temperature of the sample cell, and R is the
gas constant.
Determination of Surface Area
Often with characterizing gas storage materials, determination of the surface area is an
important aspect of the material. With the previously described fit models, one of the first things
available from volumetric isotherm measurements is the monolayer coverage, 𝑛𝑚 , or number of
moles adsorbed in a monolayer. This can be related to the surface area using
𝑛𝑚 = 𝑁

Σ
𝐴 𝜎0
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(33)

where Σ is the specific surface area (m2/g), 𝑁𝐴 is Avogadro’s number, and 𝜎0 is the area per
molecule (APM), or the area taken up by the molecule at the adsorption site. One way of
approximating this is using the molecular cross-sectional area and assuming the molecules are
arranged in a close packing configuration, and in most cases this ends up being good enough.54
For this work, high surface area was necessary, not for gas storage, but for the increased
sensitivity of a quartz microbalance.
Adsorption Thermodynamics
Isotherms represent the amount adsorbed vs. the equilibrium pressure for a given
temperature. When isotherms are repeatedly gathered for a range of temperatures the
thermodynamic relationships of the observed layering features may be extracted. Specifically for
applied materials, the interaction strength for selectivity and the type of interaction
(chemisorption/physisorption) is important. Firstly, the process of adsorption is exothermic
meaning a negative enthalpic change. To obtain thermodynamic values from isothermal data,
Larher showed that both differential entropic and enthalpic terms could be extracted from a
Clausius-Clapeyron equation in the form of
ln(𝑝𝑛 ) = 𝐵 (𝑛) −

𝐴(𝑛)
𝑇

(34)

where B(n) and A(n) are simply the y-intercept and slope for n layers of adsorption, with n = 
considered to be the bulk phase, and pn corresponding to the equilibrium pressure at the
respective layer.55 Using this formalism, the differential enthalpy (∆𝐻 (𝑛−∞) ) between the nth
adsorbed layer and bulk phase, as well as the differential entropy (∆𝑆 (𝑛−∞) ) and heat of
(𝑛)

adsorption 𝑄𝑎𝑑𝑠 could be found from the following equations by plotting the natural log of the
equilibrium pressure at corresponding layers, n, against the inverse temperature56:
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∆𝐻 (𝑛−∞) = −𝑅(𝐴(𝑛) − 𝐴(∞) )

(35)

∆𝑆 (𝑛−∞) = −𝑅(𝐵 (𝑛) − 𝐵 (∞) )

(36)

(𝑛)

𝑄𝑎𝑑𝑠 = 𝑅𝐴(𝑛)

(37)

The validity of these values can be checked in two ways. One is by looking for a high
degree of linearity and goodness of fit between the results, and the other is making sure the
differential entropy and enthalpy approach zero as they become more bulk-like. Additionally, the
heat of adsorption should both approach the bulk heat of vaporization (Hvap) as well as have a
value on the same order of magnitude as Hvap.57 The Larher treatment of the Clausius-Clapeyron
equation and monolayer capacitance as determined from the Langmuir/BET equation are more
suited for two-dimensional surfaces, however it provides a reasonable estimation of the average
interactions of the system.
Isosteric Heat of Adsorption
Systems that have multiple binding sites are often difficult to study with isothermal
measurements because many of the models treat them as if there are no molecule-molecule
interactions as well as disregard any sort of change in the energy needed to adsorb or desorb
from the system. The isosteric heat of adsorption (Qst) describes the energy required for a
molecule to adsorb from the gas phase at a constant coverage given by . It is useful to plot the
Qst as a function of coverage, to see how this value changes as the opportunity for lateral
neighboring molecule interactions increase. The equation is given as51
𝜕𝑙𝑛𝑃

𝑄𝑠𝑡 = −𝑘𝐵 (𝜕1/𝑇)

(38)
𝜃
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where kB is the Boltzmann constant. By plotting a lnP vs. 1/T for a series of coverages with all
data sets, one can calculate the isosteric heat using the slope at constant coverage. This then
gives values to plot Qst vs. coverage. This is important because not only can it indicate the
dependency of effective adsorption energy as coverage increases but it can also help indicate
phase transitions. Another interesting aspect is that at maximum converge, the constant
coverage “curve” should reproduce the enthalpy of the phase transition, which for this set of
measurements is Hvap.
Brief Background of Atomic Force Microscopy
The development of the atomic force microscope (AFM) was one of the most impactful
to the field of materials surface analysis. Most optical and electron imaging techniques are
limited by the lateral wavelength scale of diffraction that takes place off the surface. In most
cases this is on the order of several hundred nanometers. AFMs measure both lateral and height
of surface topography with extreme precision using a slightly different method involving “feeling”
the surface. In a typical AFM measurement, there is a probe that traverses the surface in a raster
pattern to develop a three-dimensional plot profile of the surface. The predecessor of the AFM
that first used this method was the stylus profiler, which was developed by Shmalz in 1929. 58 This
technique used built a linear plot of sample height by dragging a sharp tip across a surface that
tracked the z-scale displacement of the optical lever on photographic paper. This of course
introduced problems whenever a large surface feature was encountered so in 1950, Becker
suggested oscillating the tip that approaches the sample surface from a fixed position. 59 This
ultimately lead to the implementation of an electronic feedback circuit, which allowed the
precise control of the tip-sample distance by using a piezoelectric element. By using three piezo
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electric elements for precise control of the X, Y, and Z directions, this gave the instrument lateral
and height resolution unlike any other instrument of its time.
Advancements in this scale of lateral resolution brought about the invention of the
scanning tunneling microscope (STM) by Binnig and Rohrer in 1981, where they monitored
electron tunneling from a sharp metal tip into the sample through a feedback loop.60 To maintain
a constant tunneling current between the tip and sample through a feedback loop, the
piezoelectric Z element would adjust the tip up or down, which provided a method of tracking
the height as the other piezoelectric elements moved the tip across the surface. Though the
development of the STM won the Nobel Prize for physics in 1986 and is still used widely today,
the major limitation to its usefulness is the requirement of a conductive or semiconductive
material for electron tunneling. Because of this restriction, Binnig et al. developed the first atomic
force microscope by initially gluing a diamond tip to the end of a gold strip and monitoring the
change in tunneling current between it and a wire suspended above it. Though this model was
only used briefly, it had a high impact on the revolution of inexpensive, high-resolution surface
measurements.
In modern atomic force microscopy, the same concept of using a feedback loop, first seen
in the STM, has been applied to the atomic force microscopy by instead monitoring the amplitude
change at a specific frequency. This method tracks the change in surface height by using an
optical microcantilever system with a photodiode detector, that can be seen in Figure 10, and a
feedback loop where the Z-component piezoelectric element moves vertically to keep the
amplitude of the oscillating AFM probe from changing. With the unparalleled ability of the
piezoelectric stage that houses the sample to control lateral and height scale resolution on all
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types of samples (conductive, semiconductive, and insulating), atomic force microscopy has
become one of the more widely used techniques to measure surface topography ranging from
single atoms (angstroms) to biological molecules (up to 100 microns).
Tapping-Mode AFM
While there are several techniques or modes on modern AFM instruments, two of the
most utilized modes that describe the AFM cantilever behavior are contact and tapping
(intermittent) mode. Contact mode most closely resembles a stylus profiler with a prove in direct
contact with the surface as it traverses it in a raster pattern to develop a 3-D topographic image
of the surface. This however, like its predecessor, can get caught on rough surfaces as well as
damage the surface of material through lateral shear force from the tip being drawn across the
surface. Conversely, tapping mode causes the cantilever to oscillate at the fundamental
resonance frequency giving a time averaged dynamic interaction with the surface while
minimizing contact, hence the tip intermittently contacts the surface. To achieve this, the
constant height between the tip and surface is controlled by a feedback loop that continually
adjusts a piezoelectric stage that modifies the Z-component (sample height). As a result, the tip
is maintained at a constant oscillation amplitude while traversing the sample surface with X and
Y-component piezoelectric components. Tapping mode was the ideal mode for soft PET films and
materials that are loosely bound, i.e., crystalline powders on surfaces) in this work because it can
indirectly measure the roughness and feature heights with incredible precision while leaving the
surface unperturbed.
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Figure 10 – Diagram of AFM setup
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Van Der Waals Forces
The AFM characterizes the change in surface topography by measuring the change in
distance of the tip with the surface. However, the true nature of the interaction between the
probe and the surface are due to the attractive and repulsive forces that the atomically sharp tip
experiences as it approaches a sample. This interaction can be thought of in terms of dispersion
forces that allow the probe to track the surface corrugations. As the tip approaches a surface,
the electrons from atoms in the tip are repelled by electrons of the surface, through Coulomb
repulsion, but attracted to the positively charged nuclei through Van der Waals forces. A common
representation of this interaction can be defined by a Lennard-Jones (L-J) potential, otherwise
referred to as the “12-6” potential , which refers to the power dependencies of the inverse
distances in the Lennard-Jones equation:61
𝜎 12

𝑉(𝑟) = 4𝜖 [( )
𝑟

𝜎 6

−( ) ]
𝑟

(39)

where V(r) is the L-J potential energy, 𝜖 is the depth of the potential well, r represents the
separation between the interacting particles, and  represents the distance where particleparticle potential becomes zero, similar to the dissociation energy for the potential between two
bound atoms. The 12th power term represents the distance-dependent repulsion, and the 6th
power term represents the attraction. As these two functions are added together, they form a
potential well, shown in Figure 11, indicating the energetically favorable distance. AFM will not
necessarily obey the functional form of L-J potential; however, it is a convenient model for the
forces at play. As the AFM tip tracks the surface corrugations, one can obtain meaningful surface
characterization that translates to macroscopic properties such as transparency, smoothness,
and stiffness of materials.
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Figure 11 – Distance dependence of L-J potential plotted with the Van de Waals (r-6) and repulsive
(r-12) curves.62
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CHAPTER TWO – METHODS AND PREPARATION

46

Polyethylene Terephthalate Thin Films
Neutron Vibrational Scattering Measurements
Beamtime was provided on VISION (BL-16B) at the Spallation Neutron Source at Oak Ridge
National Laboratory to perform the INS measurement.63 The He3 detector bank for VISION, as
well as the cryostat used to cool and maintain a constant sample temperature during the
measurement, can be seen in Figure 12. The bPET sample was prepared by cutting three 2” x 10”
strips of commercially acquired bPET from Eastman Chemical and rolling them up in a 1.5”
diameter aluminum sample can. Preparation of the neutron sample stick was conducted by
loading the bPET strips into the sample cell, pictured in Figure 13, and securing the can with an
indium gasket to a lid that results in a leak-tight seal. All gas handling work was checked for leaks
with a helium leak checker. The neutron sample stick was systematically surveyed by using a low
flow helium nozzle and testing for a response around the indium seal, B-4HK Swagelok valve and
finally around the capillary jacket. Once the sample was leak free, it was then pumped on using
a turbomolecular pump and backfilled with a small amount of helium to facilitate thermal
transfer during the cooling process prior to data collection. Once the sample reached
temperature of 5 K the helium gas was then evacuated, and the measurement process began
collecting the summed INS spectrum over a period of two hours.
Geometry Optimization
The input file for the CASTEP 19.11 program was created in Materials Studio using XRD
refined coordinates from Wunderlich et al.64 The unit cell parameters for the triclinic structure of
crystalline PET with the trans ethylene glycol (EG) conformation can be seen in Table 3. Geometry
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Figure 12 – Image of cryostat to load neutron sample stick into the pathway of the beam (left)
and detector for the VISION instrument
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Figure 13 – Aluminum sample cell with 1.5” diameter and 15 mg of PET rolled up inside.
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optimizations were performed using periodic-DFT calculations through the plane wave
pseudopotential method using the CASTEP 19.11 code. The structure of PET was relaxed using a
general gradient approximation (GGA) with the Perdew-Burke-Ernzenhof (PBE)65 functional to
describe the exchange correlation energy of the 22-atom system. The electronic states were
investigated using 64 k-points in an 8 x 4 x 4 k-point Monkhorst-Pack mesh to sample the Brillouin
zone. A plane wave basis set cutoff energy of 830 eV was used. Originally, the geometry was
optimized using 2 x 1 x 1 and 4 x 2 x 2 k-point meshes to sample the electronic structure, but we
stopped after it seemed like the system provided good enough agreement with the experimental
INS data or no further enhancement with increasing multiples of the original mesh sampling. This
can be seen after the discussion of the Oclimax calculation below by looking at Figure 14, where
there is no significant change to the calculated spectrum in increasing from a 4 x 2 x 2 to 8 x 4 x
4 mesh. The cell volume also held constant to only relax internal coordinates. The relativistic
treatment was done with Koelling-Harmon equations and a DFT-D semi empirical dispersion
correction. The optimization method used the Broyden-Fletcher-Goldfarb-Shanno (BFGS)
algorithm.
Phonon Calculation
The phonon calculation was completed at the -point using CASTEP. The phonon
frequencies were calculated using the finite displacement method with density functional
perturbation theory (DFPT). The phonon frequencies and atomic displacements for each mode
were extracted from the diagonalization of the Hessian matrix once this calculation was
completed. The output file (*.phonon) was opened with the Jmol open source software 66 for the
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Table 3 – Experimental XRD refined cell parameters for PET crystal model provided by Wunderlich
et al.
Lattice Parameters
Space group: P1̅, Z = 1
a (Å)
b (Å)
c (Å)

 (deg)
 (deg)
 (deg)

4.5609
5.9531
10.7605

51

99.85
118.2
111.37

visualization of the phonon and intramolecular modes of PET, which in the vibrational mode
assignment.
OClimax Calculation
For the Oclimax calculation, the CASTEP phonon file was first converted to the Oclimax
file type using the py2climax.py Python script. The coherent approximation (including both
incoherent and coherent contributions) was then applied for a simulated temperature of 5 K,
which was the sample temperature of the experimental data. Instrument parameters were kept
the same, since they were by default set specific to the VISION instrument to incorporate
instrumental broadening of peaks in the spectrum. Calculations also included up to 10 quantum
events to incorporate fundamental, overtone, and combination modes into the total
approximation for the INS spectrum.
The effect of the Debye-Waller (DW) factor can be added to this program as well, though
the experiment was completed at low temperature, which should mean that attenuation due to
the DW factor is almost negligible giving rise to a spectrum that can be well calculated using a
harmonic approximation. The instrumental broadening of the instrument is incorporated into
Oclimax by using the standard deviation of the Gaussian that is second order in . The function
is given by
𝜎(𝑐𝑚−1 ) = 0.25 + (0.5 × 10−2 )𝜔 + (0.1 × 10−6 )𝜔2

(40)

which was obtained by making a fit to the experimental resolution function produced from
VISION data.34 An example the Climax calculation, invoking different k-point sampling meshes in
the geometry optimization can be seen in Figure 14. Experimental data is compared with the
calculated Climax/DFT model to provide the best visual agreement (peak position, # peaks,
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Figure 14 – Comparison of crystalline PET experimental data (black) with highly idealized
crystalline PET models in Oclimax, DFT (GGA-PBE), using 2 x 1 x 1 (red), 4 x 2 x 2 (green), and 8 x
4 x 4 (blue) k-point mesh samplings of the electronic states in the geometry optimization.
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relative intensities). After seeing a minimal change in the output INS spectrum between 4 x 2 x 2
and 8 x 4 x 4, it was unnecessary to increase the size of the k-point mesh.

HKUST-1 Decorated Quartz Microbalance Sensors
Teensy 3.2 Microbalance Circuit
The QCM capable of nano-scale mass measurements was fabricated using a pierce
oscillator circuit. A list of electronic components used can be found in Table 4. A custom printed
circuit board (PCB) was designed from the general schematic shown in Figure 15. To shield the
electronics from noise inducing effects the PCB was placed inside of a 2.52 x 2.28 x 1.38”
aluminum BUD box to act as an exterior grounding chassis. This chassis acts similar to a Faraday
cage for incoming electromagnetic interference helping the stability of the frequency
measurements. The PCB was then mounted to the aluminum box and insulated to prevent an
electrical short across the exposed pins on the backside of the PCB. In addition to the potential
for electromagnetic interference from external electronics, it was important to consider the
stability of the supply power and uniform grounding of the entire system.
Characterization of Stability
Another important aspect that was considered in the design of the detector was the
stability of the frequency under ambient conditions. Because the premise of detection is looking
at change in frequency to indicate the presence of an analyte substance, it is important to keep
the stability within a range that is distinguishable from the measurements. The consensus in the
literature is that the stability of the QCM sensor is taken as the standard deviation from the
frequency over a 10-minute period. An example of the stability of this detector can be seen in
Figure 16 over roughly a 6-perid. Though there is obvious frequency drift from looking at the
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Table 4 – List of electrical components used in the QCM circuit
Quantity
1

Electrical Component

Vendor

2

K20 Teensy 3.2 series ARMCortex-M4 MCU 32-Bit Embedded Digikey
Evaluation Board
14-Pin Positions Header
Digikey

1

2 Layer Prototype Panel (Custom printed circuit board)

OSH Park

1

1 KOHM 1/8W 1% AXIAL Resistor

DigiKey

2

10 KOHM 1/4W 1% AXIAL Resistor

DigiKey

1

2.26 MOHM 1/2W 1% AXIAL Resistor

Digikey

1

0.100 UF 50V Y5V Radial Ceramic Capacitor

Digikey

2

33 PF 50 V NP0 Radial Ceramic Capacitor

Digikey

1

Inverter IC chip

Digikey
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Figure 15 – Schematic of the Pierce oscillator circuit used in the design of the PCB from the Open
QCM community.67
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Figure 16 – Plot of QCM stability featuring the frequency change for an 8 MHz quartz crystal over
a 6-hour period.
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resultant data, the stability of the QCM still stays within +/- 0.1 Hz on an 8 MHz scale. Additionally,
there is a small “warm up” period right after turning on the microbalance where the frequency
comes to equilibrium lasting generally anywhere from 30 minutes to 1 hour. It was also seen
through trial and error that with the increased amount of HKUST-1 loaded onto the surface, the
stability seemed to get worse as tradeoff for increased sensitivity to the presence of different
gases.
Drop Cast Deposition of HKUST-1
The Basolite C300 (HKUST-1) material, used as a sensitive binding agent for ethylene, was
obtained through BASF. After reactivation of the HKUST-1 at 200 C in a front-loading Lindberg
Blue tube furnace, a small amount was dissolved in triple-distilled ethanol to form a 16.5 mM
solution of HKUST-1 and kept suspended in a round bottom flask using a stir bar at 200 RPM.
After stirring for 24 hours to ensure all the solid was dissolved, the surface of the microbalance
was first rinsed with dry ethanol, and then 10 L of the HKUST-1/EtOH solution was drop cast on
the QCM surface under a N2 stream. Following the deposition, the sample was stored in a
desiccator with Drierite and held under vacuum to remove any remaining solvent.

Atomic Force Microscopy Measurements
Characterization of the topology for HKUST-1 decorated microbalances was measured
using a Digital Instruments AFM-MM2, seen in Figure 17. A portion of the decorated QCM was
cleaved and bound to the surface of 10 mm steel pucks using carbon tape. The steel pucks were
washed with ethanol and dried under N2 to prepare a clean surface for analysis. After the samples
were mounted on the steel puck, they were placed on the piezoelectric stage underneath the
scanner head. After aligning the laser on the cantilever tip, an autotuning program, native to the
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Figure 17 – MM-AFM2 instrument with Nanoscope IIIa controller featuring an A-type scanner
head.
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Digital Instruments software, set the frequency of oscillation of the tip while in tapping
mode. However, additional adjustments were often required to modify the tip to surface height
and applied voltage to the silicon tip. The alignment procedure is described below. The Tap300G tips used were provided by Budget Sensors, with a 10 nm tip radius. Each sample was prepared
and characterized using the same procedure to ensure uniform measurements.
Alignment of the Laser
Proper alignment of the AFM laser with the tip of the cantilever is incredibly important to
collecting high quality measurements. Poor alignment with the tip caused detrimental effects
such as low intensity, which makes changes in surface topography more difficult to track,
asymmetry of microscope response, and spillover of light onto the sample, which depending on
the reflectivity of the sample can scatter into the photodiode detector and cause serious
feedback, and artificial features, or artifacts. Upon loading the AFM probe into the spring clip
holder, the approximate position of the tip was found by adjust the laser position with manual
x/y knobs to align the laser with the end of a 120-micron long silicon cantilever. The intensity of
the laser reflected into the detector was monitored by referring to the magnitude of the
photodiode SUM signal on the MM-AFM2 faceplate. A false response in the form of a high sum
value was also possible due to improper alignment on the middle of the cantilever. To get around
this, a final visual alignment was then conducted using the “paper method,” viewing the
reflection pattern of the laser on a piece of paper.60 The possible different reflectance patterns
can be seen in Figure 18 are a result of the location where the laser strikes the cantilever tip.
Once the reflection pattern resembled that of image 18c, the laser was slightly translated back
up the cantilever until it just barely resembled laser image 18b. The tip was then lowered in the
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Figure 18 – Images on paper slip based on laser position on cantilever. The laser images on the
right correspond to the laser position on the a.) top of the silicon substrate b.) center of the
cantilever and c.) hanging off the edge of the cantilever tip.
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z direction as close to the surface as possible manually using a CCD camera, with adjustable
magnifying lens, in the axial position to monitor the tip proximity to the surface of the sample.
Surface Roughness Analysis
For the AFM measurements, data was corrected in postprocessing using either a 1st order
or 2nd order plane fitting polynomial function to correct for tilt or bending in the image using
software from either Digital Instruments, Gwyddion, or Image J. Surface roughness was analyzed
using both average roughness, RA, and root mean square roughness, Rj. The difference between
the two types of roughness measurements is that average roughness, given by
1

𝑅𝑎 = 𝑛 ∑𝑛𝑗=1|𝑍𝑗 |

(41)

is the average deviation from the center plane of data where root mean square roughness, given
by
∑(𝑍𝑖 )2

𝑅𝑗 = √

𝑛

(42)

is the standard deviation of the Z value. Typically, the average roughness is what is shared in
published work. An example of these measurements can be seen in Figure 19, where a 3-D
rendering of the surface topography was produced to provide a more visually descriptive
representation of the data along the z-axis.

Gas Adsorption Measurements
Freeze Pump Thaw Purification
Often adsorbate samples (gas or liquid) can become contaminated from dissolved gases
originating in the air. Even in the case of gas samples that are high purity, manifold leaks, or
remnant gases after purging a new pressure regulator can affect the purity of an adsorbate
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Figure 19 – 5 µm x 5 µm AFM measurement of bPET (left) along with 3-D rendering of image on
(right).

63

sample. Specifically with the measurements involving ethylene, it manifested itself in the form of
altered saturated vapor pressures or sudden loss of sorption capacity in volumetric isotherm
analysis. To deal with this adsorbate samples were purified by freezing the sample in liquid
nitrogen, then pumping on the solid while monitoring the pressure change around 10 -6-10-4 torr
region with an ion gauge to attribute sudden fluctuations to impurity gases escaping out of the
solid adsorbate. The sample was allowed to warm until a steady increase in pressure indicated
the melting transition of the adsorbate. This process was performed a total of 3-4 times at which
point the ion gauge indicated no contaminate gases remained above the solid ethylene. A portion
of the purified gas or liquid was collected in a stainless-steel container. The key behind the
success of this method relies on the differences in melting temperature and vapor pressure of
the dissolved gases and the adsorbate.
Volumetric Isotherm Apparatus
The high-resolution volumetric isotherms were collected using custom built system that
utilized commercial components with high precision software based on the adsorption model
designed by Mursic and Larese at Brookhaven National Laboratory.68 The main components of
the system consist of a gas handling manifold, high-resolution pressure transducers (MKS
Baratron), a closed cycle helium cryostat, high vacuum turbomolecular pump (Agilent TPScompact) and a LabVIEW-based program to automate the adsorption process. A model of the
system can be seen Figure 20. The sample temperature is moderated by a CryoCon 32 B
temperature controller with a Cold Edge helium cryostat, which keeps the temperature stability
of the sample mounted on a cold finger within +/- 10 mK.
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Figure 20 – Diagram of the custom-built volumetric gas adsorption apparatus
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The MKS Baratron capacitance manometers used in these experiments had 10 and 100
torr ranges with a resolution of 10-6 of the full-scale pressure. The manometer used for each
measurement depended on the expected saturated vapor pressure of the bulk phase gas in order
to guarantee the ability to measure the full experiment with the highest resolution possible. This
means that for an experiment for a bulk saturated vapor pressure of 9.5 torr or less at a certain
temperature, the 10 torr pressure transducer was used instead of the 100 torr head. Though the
sample cell is monitored with high accuracy thermometers by assuming the temperature
substrate matches the temperature of the copper cell, the experimental temperature was
determined by using the saturated vapor pressure from the isotherm along with Antoine’s
equation:
𝐵

𝑙𝑜𝑔10 𝑃 = 𝐴 − 𝑇+𝐶

(43)

where P is the vapor pressure (bar) and T is the temperature (K). The coefficients A, B, and C are
parameters specific to the gas and temperature range from experimental data provide from the
Landholt-Börnstein databases.69 The sample temperature was thus determined semi-empirically
using the Antoine’s equation parameters for ethylene, which can be seen in Table 5. Depending
on the temperature range that was being investigated, a different set of parameters were used.
Calibration of Manifold Volume
The volume of the manifold was obtained from a series of volumetric expansions from
the unknown volume to a known glass volume of comparable size using the ideal gas law. A total
of 7 volumetric expansions into the known volume were made initially to calculate the value of
the manifold volume for each torr head in the manifold, using 80-90% of the pressure range for
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Table 5 – Antoine coefficients used to both predict saturated vapor pressure and use saturated
vapor pressure from experimental data to calculate sample temperature.
Compound Ref.

Temperature Range (K)

A

B (K)

C (K)

Methane70

58-89

6.31972

451.64

-4.66

Ethylene70

103-122

5.82898

581.901

-17.787

122-188

5.91382

596.526

-16.78
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each torr head to ensure the most accurate pressure readings. These values were then used to
calculate the volume of the stainless-steel arm leading to the sample cell in the displex, using 7
more volumetric expansions. The combination of these two volumes were used as the “calibrated
volumes” for each of the volumetric isotherm measurements. The dead space volume for the
sample cell was calculated in a similar manner and all these volumetric values can be seen in
Table 6.
Isotherm Quality Test
Of great importance was the ability to make sure that the substrate in an adsorption
experiment is still pristine from one isotherm to the next. Changes to the substrate structure due
to impurities from leaks in the system or contaminates in the adsorbate gas can be introduced
between or during isotherm measurements and negatively shift the pressure data as well as
modify the surface chemistry irreversibly. One indication that a contaminant gas has been
introduced is a deviation of the measured and predicted saturated vapor pressure at a specific
temperature. Early studies, that were thrown out, illustrated this behavioral shift in the SVP of
isotherms as seen in Figure 21. To test the sample quality of the HKUST-1 used in the experiment,
methane isotherms were performed to measure the surface area both before and after the series
of ethylene isotherms as an easy way to verify the adsorption capacity remained consistent
through the series of measurements. An example of this comparison can be seen in Figure 22.
The example provided is an indication that there was not a significant change in the surface area
of the material and therefore, helps to validate the quality of isotherms over the extensive period
that measurements were acquired. The data was zoomed in to show that a small change does
occur over time.
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Table 6 – Calculated volumes of the gas handling manifold using volumetric expansions.
Pressure Range (torr)

Calibrated Volume (cm3)

Deadspace Volume (cm3)

10

32.53

3.05

100

27.26

3.05

Figure 21 – Comparison of isotherms with pure and contaminated gas
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Figure 22 – Comparison of surface area both before and after series of ethylene on HKUST-1
isotherms using methane gas to show an insignificant change to surface area over time. Langmuir
surface area values are color coordinated with timestamped data.
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Data Analysis of Isothermal Experiments
Manual analysis of the resultant isothermal data was performed using the Kaleidagraph
software. After the data was dead-space corrected, the number of moles adsorbed to the surface
was determined after each dose. A plot of the data was fitted with an interpolation function to
introduce more data points into the less well-defined horizontal regions as well as mitigate small
fluctuations in pressure due to the resolution of the capacitance manometers. The derivative of
the interpolated function was used to aid in assigning a peak position of layer formation and
additional features. The equilibrium pressure at which these features form changes with each
isotherm and the derivative peak assignment allows one to track the shifting of the adsorbing
layers as a function of temperature. Due to the complexity of the system, all data was treated
using the same methodology to ensure data analysis was consistent over multiple data sets. An
example of using the derivative to locate features in the isotherm can be seen in Figure 23.
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Figure 23 – Example plot of an isotherm with plotted with its derivative with respect to pressure
in order to locate features in the measurement at 116.04 K.
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Abstract
Polyethylene terephthalate (PET) has received considerable attention in recent years due
to its ability to be generated from renewable materials that are biologically-based. Using the
VISION spectrometer at the Spallation Neutron Source at Oak Ridge National Laboratory the
inelastic neutron scattering (INS) spectrum has been measured for a thin sheet of biaxially
oriented PET (bPET) at low temperatures with the highest resolution attainable to-date. Plane
wave density functional theory (CASTEP, GGA-PBE) was used to optimize the structure of a model
PET crystal and the corresponding vibrational spectrum was generated from coordinates and
force constants using the program Oclimax. Using this approach, the calculated INS spectrum
shows good agreement with the INS data from bPET and elucidates the most prominent
excitations in the INS spectrum by comparison with experimental INS results obtained from
highly crystalline PET powder to enhance the fundamental understanding of this widely used
material
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Introduction
Biaxially-oriented polyethylene terephthalate (bPET), better known by the commercial
name Mylar, is used in a large variety of industrial products such as packaging, adhesive backing,
window tints and flexible electronics.71 Research and development related to renewable plastics
has gained considerable momentum recently because, while PET is widely recycled, the inability
to fully break it down leaves it accumulating in landfills. On this front, efforts have already been
made towards synthesizing “bio-based” PET or harnessing novel reaction chemistries to break
down the polymer into manageable monomer units, utilizing enzymes from the Ideonella
sakaiensis bacterium.72-73 Whether it is functionalizing the PET surface for new and innovative
materials or adapting the base structure to identify useful materials, fundamental studies of PET
provide valuable information in the area of materials science and physical chemistry.
The polymeric backbone of polyethylene terephthalate (C10H8O4)n is made up of chains of
ethylene terephthalate monomers, often synthesized from ethylene glycol and terephthalic acid.
It is important to note that bPET is semicrystalline, composed of both amorphous and crystalline
regions, which is a result of its synthesis method. Crystalline PET is considered to be in a
completely trans conformation, due to the dihedral angle of the ethylene glycol (EG) fragment.5
The semicrystalline structure, however, is believed to be a combination of both gauche and trans
EG segment conformations, where the gauche conformation contributes to the amorphous
nature of the structure.74 In the fabrication process, biaxially-oriented PET is typically made by
extruding molten PET onto a chill roll to quench it into the amorphous state, then stretching in
both the machine drawing and transverse directions after heating back up in between the glass
transition temperature, Tg, and the melting temperature, Tm.6 In this temperature range
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molecular orientation, causing PET chains to align under tension, is introduced, which as a result
promotes crystallization in the material. Biaxial stretching is often used because the increased
degree of molecular orientation (alignment) in two directions and crystallinity affect both optical,
barrier, tensile strength and tear resistance properties of the film.1, 8 Ultimately, the strain rate,
molecular weight, and temperature that molecular orientation is introduced all play a role in the
degree of crystallinity of the sample, which is typically around 0.29-0.55 for commercially
available films.4, 75
The vibrational modes of PET have been measured previously for both highly crystalline
PET (herein referred to as cPET) and bPET using IR and Raman spectroscopies, however these
techniques neglect many low energy excitations as well as some higher order harmonic vibrations
and combinational modes due to limitations invoked by electronic selection rules and
instrumental spectral ranges.16 Neutron vibrational spectroscopy offers a spectrum of all
transitions, including excitations forbidden by electronic selection rules, across a broad energy
range since neutrons interact directly with the nuclei instead of the electron clouds surrounding
the nuclei.18 INS is particularly sensitive to incoherent motions of hydrogen atoms, with hydrogen
having a significantly larger incoherent scattering cross section than any of the other
elements/isotopes.21 As a result, polymers composed of hydrocarbons are ideal candidates for
investigations of dynamics facilitated by INS.
The INS spectrum of PET was recorded previously at the BR-2 reactor in Belgium in 1975
as well as at the TOSCA spectrometer at ISIS in the UK.11, 76 In this study, a comprehensive
assignment of vibrational modes is made to the experimental INS spectrum of bPET. Using INS
data from highly crystalline PET together with density functional theory (DFT) calculations as a
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guide for mode assignment, the change in the vibrational spectrum due to biaxial orientation of
PET is determined. The high-quality INS spectrum of biaxially-oriented PET can be used as a model
system for understanding the dynamics of more complex polymers as has already been
demonstrated for explaining macroscopic properties from low frequency collective modes
observed in polyethylene 2,5-furandicarboxylate (PEF).11 With a drive for innovative materials
and renewable plastics, it is important to fully understand the dynamics of PET films to provide
an in-depth, fundamental understanding of the relationship between the INS vibrational
spectrum and its material properties of future novel PET substitute materials.

Materials and Methods
Sample Preparation
The bPET used was a commercially available thin film provided by Eastman Chemical
Company. The INS sample was prepared by cutting three 2 x 10” strips, weighing roughly 15 mg
total, and rolling them up in a 1.5” diameter aluminum sample can. The individual bPET films
were 0.2 mm thick. The scattering signal from the aluminum sample can is largely absent, given
that the incoherent scattering cross section of aluminum is nearly four orders of magnitude
smaller than that of hydrogen in the thermal neutron range (inc H =80.27 barns inc Al=0.0082
barns).17 A highly crystalline PET sample in the form of a powder was obtained from ORNL and
the structure confirmed using powder X-ray diffraction on a PANalytical Empyrean powder
diffractometer.
Inelastic Neutron Scattering Measurements
Inelastic neutron scattering measurements were performed using the VISION (BL-16B)
vibrational spectrometer at the Spallation Neutron Source (SNS) at the Oak Ridge National
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Laboratory (ORNL).63 VISION is an indirect geometry spectrometer which can characterize the
dynamics of materials over a broad energy range. The double-focusing crystal arrays and stateof-the-art design of VISION provide both the high flux and resolution necessary for highthroughput INS measurements. The PET samples were cooled to 5 K under high vacuum and
spectra were recorded for two hours, which yielded high-quality sampling statistics, owing to the
significant hydrogen content of PET. VISION measures the number of neutrons of a given final
energy scattered into a solid angle per unit time, more commonly known as the double
differential scattering cross section, d2/ddE. In the inelastic case, the incoming wavevector of
neutrons, k, is nonequivalent to the outgoing wavevector, k’, giving rise to a nonzero momentum
transfer, Q, given by:
𝑄 = 𝑘 − 𝑘 ′ 𝑤ℎ𝑒𝑟𝑒 𝑘 ≠ 𝑘 ′

(44)

The scattering intensity is then given by the conventional incoherent scattering law:
4𝜋 1 𝑘 𝑑 2 𝜎
𝑆(𝑄, 𝜔) =
(
)
𝜎𝑖𝑛𝑐 𝑁 𝑘′ 𝑑ΩdE 𝑖𝑛𝑐

(45)

Computational Details
DFT calculations were performed with the CASTEP 19.11 software for the computation of
the normal vibrational modes of PET. The geometry optimization of a PET structural model was
performed using the general gradient approximation (GGA). The Perdew-Burke-Ernzerhof (PBE)65
functional was used to define the exchange correlation energy of the system and a plane wave
basis set cutoff energy of 830 eV was applied using an 8 x 4 x 4 Monkhorst-Pack grid to sample
the electronic states in a single unit cell, consisting of 22 atoms. The single unit cell was calculated
as opposed to a supercell solely due to computational limitations, which provided sufficient
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agreement with the experimental data above 400 cm-1, seen below in Figure 25. The cell
parameters were not altered, which is a necessity due to the poor description of Van der
Waals/dispersion interactions in GGA calculations leading to unrealistic cell volumes.77 The finitedisplacement phonon calculation, using density functional perturbation theory (DFPT), was then
completed at the -point and the phonon frequencies and atomic displacements extracted from
the diagonalization of the Hessian matrix. The atomic displacements generated from the DFT
calculation were visualized to help evaluate the dynamic motions present in the inelastic
spectrum.
The INS modes were simulated from the DFT output using Oclimax.78 For an INS
calculation in the incoherent approximation, the scattering intensity of the simulation is derived
using Fermi’s Golden Rule as well as the Van Hove Correlation function to describe the system in
the low temperature (0 K), harmonic oscillator limit. The equation that defines the contribution
of each atom, l, in each vibrational excitation order, n is written as:
2 𝑛

𝑆

∗

(𝑸, 𝜔𝜈 )𝑛𝑙

= 𝑦𝜎𝑙

[(𝑸 ∙ 𝑢𝑙,𝜈 ) ]
𝑛!

2

(46)

𝑒𝑥𝑝 [− (𝑸 ∙ ∑ 𝒖𝑙,𝜈 ) ]
𝜈

Using this variation of the scattering law, the intensity is defined by the momentum transfer
wavevector, Q, and the angular frequency (energy transfer) for a specific mode, , given by .
In equation 3, y is a linear scaling factor, relating scaled units to conventional units (barns), and
l is the total scattering cross section for atom l. The term u defines the atomic displacement
vector, which is dependent on frequency, for a specific atom l in mode .79 Using Oclimax, the
force constants and atomic displacements, eigenvalues and eigenvectors, can be extracted from
a DFT calculation and produce a calculated spectrum that guides assignment of molecular and
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lattice vibrations to different peaks in the experimental INS spectrum. Oclimax employs
instrument parameters to incorporate resolution specific to the VISION vibrational spectrometer.
By looking at the full calculation, which includes up to 10 quantum events, the different
contributions to the spectrum may be seen, namely the difference between the fundamental and
overtone contributions.

Results and Discussion
A DFT calculation using periodic boundary conditions (PBC) was completed for crystalline
PET using XRD refined coordinates by Wunderlich et al as a starting point in the CASTEP software
package.64,29 The triclinic unit cell of PET can be visualized in Figure 24 looking down the a axis.
The resulting INS spectra of biaxially-oriented PET at 5 K as well as the highly crystalline analogue
are shown in Figure 25.When comparing the two experimental spectra, there is a notable
broadening of vibrational bands that are originally present as double peaks in the 800 cm-1 to
1500 cm-1 region of the cPET, but the most significant differences in the vibrational spectra of
cPET and bPET are in the low energy transfer region of the spectrum (< 400 cm-1). The disruption
of periodic arrangement (i.e., changing from crystalline to semi-crystalline) has a significant effect
on the low energy portion of the INS spectrum, which is comprised of the phonon and low energy
dispersive optical modes. Since these excitations are due to concerted movements of the lattice,
coherent motion, changes to the crystallinity of the material have a significant effect on the width
and intensity of the INS modes. The analysis of the vibrational modes simulated from the DFT
model focus primarily on the modes greater than 400 cm-1 due to the significant differences in
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Figure 24 − Single unit cell of PET model.
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Figure 25 − Comparison of the inelastic neutron spectra of both biaxially oriented PET thin film
(bPET) and highly crystalline PET (cPET) measured at 5 K on the VISION vibrational spectrometer
at ORNL. Spectra have been manually offset for comparison.
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polymer ordering and lack of a supercell calculation to properly describe the low energy
behaviors. For the intramolecular motions, which are comprised of mostly incoherent motion,
the peaks are observed to broaden between cPET and bPET, but the peak positions remain
relatively similar. The higher energy excitations are less affected by the change in polymer
ordering because they are derived from incoherent motions and therefore can be descried
similarly for both gauche and trans conformations of the PET base polymer.
To simplify the analysis of the INS spectrum, the data was separated into three regions
defined by energy transfer: high energy (above 2000 cm-1), medium energy (2000-600 cm-1), and
low energy (600-400 cm-1). The reasoning for not investigating the spectrum in detail below 400
cm-1 is that to accurately model this region, a phonon density of states calculation is needed to
ensure a proper sampling of phonon modes that occur at the zone boundaries of the Brillouin
zone, which provides better spectral agreement. Thus, a phonon calculation completed at the
gamma point will be used to investigate the spectrum above 400 cm-1. Since the simulated INS
spectrum was calculated from purely crystalline PET, the calculated INS spectrum from Oclimax
is displayed with the crystalline data (cPET) to aid in assigning principal contributing vibrational
modes in the semicrystalline bPET. A comparison between calculated and experimental cPET INS
spectra is provided in Figure 26. Figure 26 illustrates that the frequencies and relative intensities
of the calculated spectrum are consistent with the experimental cPET spectrum. It is worthwhile
to note that the calculated spectrum is unscaled.
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Figure 26 − Simulated INS spectrum from cPET (unscaled, up to 10 quantum events) for PET
compared to the experimental INS spectrum of cPET.
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Figure 27 − Simulated INS spectrum from cPET (unscaled, up to 10 quantum events) for PET
compared to the experimental INS spectrum of cPET in the 400-600 cm-1 range.
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400-600 cm-1 Energy Transfer Region
Comparison of calculated and experimental data in Figure 27 demonstrates very good
agreement with respect to both frequency and relative intensities of the cPET spectrum above
400 cm-1. The calculated peaks that line up with the experimental data of both the cPET and bPET
are located at 404 cm-1, 454 cm-1 and 497 cm-1 and their normal modes can be visualized in Figure
28. Each of these are deformation modes that have talked about extensively in Raman and IR
scattering literature80 and they are summarized in Table 7. The most notable difference in
experimental vibrational spectra is that upon applying biaxial strain, each of these deformation
modes shift to slightly higher energy in the bPET spectrum.
600-2000 cm-1 Energy Transfer Region
Another point of interest in the INS spectrum is the resolved double peaks that show up
in the 600 - 1500 cm-1 region of the cPET sample, which are observed as either single peaks or
double peaks with significantly reduced intensity in the bPET spectrum, referring to Figure 29.
The vibrational motions for each mode are reported in Figure 30. This energy transfer region is
of great importance because it shows five peak pairs that all have been reported to display
evidence of conformational isomerism.12, 81 The first of these appear at 849 cm-1 and 879 cm-1,
which are considered to correspond to the rocking hydrogen mode of the CH2 bonds on the EG
group and the symmetric out-of-plane bending mode of the hydrogens on the phenyl ring,
respectively. Though both peaks are resolved in the cPET sample, they smear into a single peak
for the bPET sample at 868 cm-1, which results from the out-of-plane wagging of the hydrogens
on the ring. The relative intensity of this peak does not change with a decrease in crystallinity,

86

Figure 28 − Normal modes assigned to 404 cm-1 (A), 454 cm-1 (B), and 497 cm-1 (C) in the cPET
spectrum modeled using VESTA. Vectors are not scaled and are used strictly to represent atomic
displacements present in each vibrational mode. Descriptions and frequency values for cPET,
bPET, and the CASTEP calculations are reported in Table 7.

Table 7 − Frequencies from select modes in cPET, bPET, and DFT calculation data along with their
identification in Figure 28 and the assignment of molecular motion.
Modea

Assignment

bPET

(cm-1)

(cm-1)

DFT (cm-1)

A

Asymmetric torsion of ring

404

412

413

B

Out-of-plane ring deformation

454

460

452

C

In-plane deformation of base polymer

497

~505

491

chain
a

cPET

The enumeration follows the order of the modes in Figure 28.
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Figure 29 − Simulated INS spectrum from cPET (unscaled, up to 10 quantum events) for PET
compared to the experimental INS spectrum of cPET in the 600-2000 cm-1 range.
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Figure 30 − Normal modes assigned to 849 cm-1 (A), 879 cm-1 (B), 979 cm-1 (C), 1020 cm-1 (D),
1113 cm-1 (E), 1177 cm-1 (F), 1249 cm-1 (G), 1297 cm-1 (H), 1381 cm-1 (I), and 1454 cm-1 (J) in the
cPET spectrum modeled using VESTA. Vectors are not scaled and are used strictly to represent
atomic displacements present in each vibrational mode. Descriptions and frequency values can
be seen in Table 8.

89

Table 8 − Frequencies from select modes in cPET, bPET, and DFT calculation data along with their
identification in Figure 30 and the assignment of molecular motion.
Modea

Assignment

cPET (cm-1)

bPET (cm-1)

DFT (cm-1)

A

Rocking of CH2

849

-

837

B

Symmetric out-of-plane wagging of H on ring

879

868

860

C

Out-of-plane hydrogen bending with ring

979

-

975

1020

997

1007

1113

1124

1097

deformation
D

Out-of-plane hydrogen bending with ring
deformation

E

Asymmetric in-plane bending of ring
hydrogen

F

Symmetric in-plane bending of ring hydrogen

1177

1190

1162

G

Symmetric in-plane torsion of CH2

1249

-

1237

H

In-plane torsion of CH2 with in-plane ring

1297

1301

1291

deformation

a

I

Symmetric in-plane wagging of CH2

1381

-

1380

J

Out-of-plane bending of H on EG unit

1454

1442

1451

The enumeration follows the order of the modes in Figure 30.
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hinting to its independence from EG conformation. However, the peak around 849 cm -1
disappears in the bPET spectrum, showing its link to the trans-conformer EG segment. In the
gauche-EG conformation, the signal due to rocking is strongly attenuated because of the
positions of the CH2 motions with respect to the dihedral angle. This dependance on the transconformation has been reported at 845 cm-1 in an IR and Raman study by Boerio et al.82 The
next double peak in the cPET experimental spectrum appearing around 979 cm-1 and 1020 cm-1
can be identified as different out-of-plane hydrogen bending modes, with ring deformations.
These two peaks form into one single peak at 997 cm-1 in the bPET spectrum, suggesting a
possible nearby EG related modes contained within the band.
The 1113 cm-1 and 1177 cm-1 peaks are assigned to the symmetric and asymmetric
bending of hydrogens on the aromatic ring take place, which can be visualized in Figure 29. Both
peaks are still distinguishable in the bPET spectrum, however the overall peak intensity decreases
relative to the two preceding double peaks around 850 cm-1 and 1000 cm-1, whereas in the cPET
spectrum these features are increased. The most likely explanation is that these slightly broad
peaks contain multiple contributing excitations, which disappear in the bPET spectrum. Under
each band at these peak positions, there are two excitations due to opposite torsional modes of
the EG unit with ring breathing produced from the Oclimax calculation. Therefore, vibrational
modes under these bands have conformational dependence of the EG unit and can serve as an
indicator in neutron spectra.
The excitations at 1249 cm-1 and 1297 cm-1, align well with the calculated spectra with
both showing torsional motional of the CH2 on the EG unit. The mode at 1249 cm-1 is purely
symmetric motion from the CH2 were the mode at 1297 cm-1 includes a strong in-plane ring
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deformation as well as the symmetric torsional motion of the CH2 group. The vibrational modes
influenced by the EG conformation show an intensity decrease in the bPET spectrum, indicating
that these are also trans-conformation specific. The left shoulder peak is no longer resolvable in
the bPET spectrum upon a decrease in crystallinity leaving behind only the normal mode that also
includes the in-plane ring deformation.
The last two fundamental modes in this selection are the symmetric in-plane wagging of
the CH2 on the EG group at 1381 cm-1 and the out-of-plane bending mode of the hydrogens on
the EG group at 1454 cm-1 in the cPET spectrum. Both modes have been confirmed by Bistričić et
al using Raman spectroscopy.80 Similarly to the previous analysis, the mode at 1381 cm-1 also
disappears in the bPET spectrum due to its likely link to the presence of trans conformation EG
units while the hydrogen bending mode of the CH2 is still present in the spectrum. This is an
expected result because to the bending mode displaces in such a way that it should not influence
the motion of the neighboring group.
In addition to the fundamental vibrational modes that were discussed in the previous
paragraphs, there are three broad features that appear solely in the cPET experimental sample.
They are centered around 1720 cm-1,1850 cm-1 and 1960 cm-1, which are assigned as overtones.
The total Oclimax calculation is comprised of both overtones and combinatorial modes up to 10
quantum events, however the main contribution for these features came from the first overtone
spectrum. For simplicity, the contributions of each individual part can be seen in Figure 26,
broken down into fundamental and first overtone contributions. When considering the single
components of the calculation, the fundamental excitation contributions end around 1600 cm-1,
pointing towards sole overtone and combinatorial mode contribution, with a heavy focus on the
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first overtone. Considering the harmonic approximation, it would make sense that the
fundamental excitation associated with these overtones (1720 cm-1, 1850 cm-1 and 1960 cm-1)
arise from the hydrogen bending mode at 849 cm-1, the out-of-plane hydrogen wagging of the
ring at 879 cm-1 and the out-of-plane hydrogen bending on the phenyl ring that appears at 979
cm-1, respectively. Though resolved in the cPET spectrum, these seem to disappear in the bPET
spectrum, potentially indicating a reduction in the contribution from these fundamental modes
as they reduce with increasing gauche conformation EG units.
Above 2000 cm-1 Energy Transfer Region
In the high energy region (Figure 31) there is only one resolved peak that shows up in
experimental spectrum centered around 3100 cm-1. The intensity along this excitation
significantly broadens instead of forming three peaks as seen in the calculation. This is due to a
transfer in intensity from the fundamental excitation into the phonon wings, which comprise a
combination of both external and internal vibrational modes, surrounding the characteristic
symmetric and asymmetric stretching modes of the hydrogens on the EG. 83,32 Specifically,
comparison between the experimental cPET and bPET spectra demonstrates the increased
transfer of intensity into the surrounding phonon wings, as seen in the bPET sample, which can
be attributed to the loss of molecular orientation with a decreased crystallinity.

Conclusions
A comprehensive assignment of the most prominent excitations of the INS spectrum for
a biaxially-oriented PET thin film have been made to enhance the fundamental understanding of
an industrially relevant material. By comparison with highly crystalline PET and DFT calculations

93

Figure 31 − Simulated INS spectrum from cPET (unscaled, up to 10 quantum events) for PET
compared to the experimental INS spectrum of cPET in the 2000-3400 cm-1 energy transfer
range.
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using Oclimax, the INS spectrum of bPET can be seen to be dominated by ring hydrogen modes
with an emphasis on the surrounding EG modes that change accordingly with the conformational
ratio of gauche and trans EG units. Of these modes, the disappearance of intensities at 849 cm -1
and 1381 cm-1, as well as the decrease in relative intensities of the bands at 1113 cm-1 and 1249
cm-1, can be attributed to a loss of trans EG units in the semicrystalline structure. The presence
of gauche defects in mostly trans EG conformation material induces a structural disorder leading
to the disappearance and attenuation of these conformation specific peaks. The fundamental
understanding of hydrogen torsional and ring dynamics from this study of a model industrial
polymer will hopefully establish a foundation for the understanding of more complex polymeric
systems and PET substitutes.
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Abstract
We will discuss our development and testing of a selective and sensitive detector of
airborne molecular gases employing a quartz crystal microbalance (QCM). Although optical and
mass spectroscopic instruments exist for such molecular detection, these methods are more
expensive and not extremely portable. The QCM based detector relates changes in the resonant
frequency of a quartz oscillator operating in a shear mode directly to the mass added to the
quartz crystal. Ethylene was selected as the initial candidate to demonstrate the performance of
the QCM based instrument, because it serves as a hormone in plants at trace levels throughout
the life cycle of a plant, e.g., by stimulating or regulating the ripening of fruit, the opening of
flowers, and the shedding of leaves. For example, developing a sensitive and portable instrument
to identify and monitor areas in food storage warehouses or supermarkets where concentrations
of ethylene appear could be used to effectively decrease the amount of fruit and vegetable
spoilage. By itself the unmodified QCM is not sensitive to the presence of ethylene gas. The QCM
was modified to enhance the sensitivity and selectively for ethylene adsorption by decorating the
surface of the microbalance with a thin film of a copper based HKUST-1 metal-organic framework,
MOF, material. We will illustrate the response of the decorated QCM by showing the changes in
the QCM oscillator frequency as a function of varying aliquots of ethylene gas; an increase in
mass loading/adsorption results in a decrease in frequency. Preliminary results show that the 8
MHz quartz crystal used in these experiments is stable to within 0.1 Hz and produces a sensor
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with sub-nanogram sensitivity of ethylene gas with reasonable selectivity. The performance of
the QCM detector to natural gas generation by using ripening fruits such as bananas will also be
illustrated.
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Introduction
Ethylene is a plant hormone that plays a significant role in the ripening process for many
fruits and vegetables. This introduction of ethylene, both endogenous and exogenous, triggers
responses in the regulatory pathway such as aging, defense signaling, and color change. 84 In a
simplified description of the cascade of events leading to ripening, ethylene binds to a receptor,
nominally ETR-1, initiates signal transduction, and alters gene expression, leading to the
aforementioned series of ripening events.43 This effect was first discovered as a result the
difficulty with produce prematurely spoiling during shipments in the early 1900s. 85 Since the
eventual discovery that ethylene played a significant role in the ripening process of produce,
different methods such as ethylene scrubbers and produce treatments have been introduced to
preserve the shelf life of produce. However, even with these scientific advancements, fruit and
vegetable spoilage still make up 30-40% of food US food waste according to a study by the
USDA.86 One method that could help mitigate premature spoilage is monitoring the
concentration of ethylene present in storage facilities and the marketplace to detect problematic
localized ethylene hotspots. Common instruments exist which can measure the ripening
threshold of most fruits, 0.1-1 ppm, however they are not easily transportable, need technical
experience to operate and can be expensive.87-88 Therefore, we present an inexpensive and easily
transportable form or ethylene sensitive detection. Others have also used novel pathways to
detect ethylene gas chromatography,89 amperometry,90 electrochemistry,91 luminescence
properties92 and chemiresistors,45 however quartz crystal microbalances (QCMs) have become
increasingly popular given their ability to directly measure mass loading via a change in frequency
with incredible sensitivity. For instance, an 8 MHz crystal has a sensitivity of 6.91 ng cm -2 Hz-1.
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Such high sensitivity obtainable at negligible costs has led to a very recent surge of functionalized
QCMs to serve as sensors for different gases related to fruit freshness, with one of them tracking
ethylene content using a silver(I)/polymer composite drop coating.93-101 The ability to measure
mass loading (change in areal density) as a result of frequency is described by the Sauerbrey
equation given by Equation 47:
∆𝑓 = −𝐶𝑓 ∆𝑚𝑓

(47)

where Cf is the sensitivity factor describing the effect that the resonant frequency of the crystal
has on the sensitivity of the microbalance and ∆mf is the change in areal density of the loaded
mass. The sensitivity factor can be further broken down into
𝐶𝑓 = 2𝑓𝑞 2 ⁄√𝜌𝑞 𝜇𝑞

(48)

where fq is the resonant frequency, 𝜌q is the density of quartz (2.648 g/cm3) and 𝜇𝑞 is the shear
modulus of quartz (2.947 x 1011 g cm-1 s-2 for an AT-cut crystal). Notice that with mass loading on
the microbalance there is a dampening or decrease in frequency, expressed through the negative
sign in Equation 47. Though QCMs have incredible sensitivity, they must be functionalized in
order to target specific molecules as quartz is relatively inert.
Towards production and design of an efficient sensor, the microbalance was
functionalized with the copper (II) benzene 1,3,5-tricarboxylic acid (CuBTC) metal organic
framework (MOF), commonly referred to as HKUST-1, because of its high sorption capacity and
affinity for ethylene gas discussed in recent literature.48-49,
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Copper has already

demonstrated its affinity for ethylene from its role as the active site in a cofactor of the ethylene
response receptor, ETR-1.42 Being that the QCM is mass loading dependent, it would make sense
that functionalizing the surface with a high sorption capacity material would allow for high
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sensitivity sensor. HKUST-1 has two main pore channels that are 10 Å and 11 Å with exposed Cu2+
coordinatively unsaturated binding sites and small 4 Å pockets, which are identified in Figure
32.104-106
Ultimately, the Cu2+ sites will be occupied first through chemisorption and then the
windows, followed by filling of the pore channel, which are Van der Waals type interactions. The
interaction, specifically for ethylene, is a lot stronger at the uncoordinated metal site, which has
been theorized through the Dewar-Chatt-Duncanson model to be due to the metal site accepting
a -electron following back donation to the * antibonding orbital of the ethylene through a
“side on” model.107-109 The projected Langmuir surface area for the Basolite C300 (HKUST-1)
material used in this work is 1500-2100 m2/g providing additional sensitivity as depicted in the
below results. Here we present the development and characterization of an ethylene sensitive
HKUST-1 decorated QCM with introductory studies involving ethylene production of bananas.

Materials Preparation and Characterization
Film Coating
A solution of 16.5 mM HKUST-1 (Basolite C300 produced by BASF) in triple distilled
ethanol was produced and kept dispersed in a round bottom flask at 200 RPM. Silver electrode
QCMs were first washed with dry ethanol and then 10 L of HKUST-1 solution was drop cast on
the surface under N2 gas. The decorated microbalance was then kept in a desiccator under
vacuum with Drierite for 24 hours to ensure no solvent was left behind. The decorated
microbalances were then transferred directly to the detector apparatus and stored under
vacuum for use. The amount of HKUST-1 deposited on the QCM surface was roughly 130 g
measured from the change in baseline frequency under vacuum and pictured in Figure 33.
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Figure 32 − Primitive cell of HKUST-1 (Cu(II)-benzene tricarboxylate (btc)) (left) and single Cu(II)btc linker (right). On the left the 4 Å pocket (green) where the 10 Å pore (blue) and 11 Å pore
(red). On the right the ethylene binding sites are indicated in blue.
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Figure 33 −Response of 50 torr of ethylene and nitrogen expanded into the headspace of the
sensor volume for a blank quartz microbalance, and one decorated with HKUST-1. The starting
frequency of the nitrogen/HKUST-1 expansion shows the change in frequency due to the
decoration of HKUST-1 on the surface of the silver electrode.
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The blank microbalance, which starts under vacuum, showed change a negligible change
in frequency due to the addition of ethylene and nitrogen gas. Once decorated with HKUST-1, an
obvious difference in response to 50 torr of gas takes place showing a roughly 10 Hz response of
the decorated detector to nitrogen, and a 900 Hz response to ethylene. A small portion of
frequency change can be accounted for due to the change in pressure, however the bulk of the
response is due to the binding of ethylene with the HKUST-1 decorated surface.
Atomic Force Microscope (AFM) Measurements
Atomic force microscopy was used to investigate the surface topography using a Digital
Instruments MM-AFM-2 with a Nanoscope IIIa controller. Samples were prepared by breaking
off a small piece of a decorated microbalance and mounting it on a steel puck. Image post
processing was completed using the Digital Instruments analysis software.
Volumetric Adsorption Apparatus
Surface area determinations were completed using methane isotherms at 77 K.
Thermodynamics studies of ethylene binding were made using ethylene isotherms at various
temperatures ranging from 110—140 K to ascertain thermodynamic properties. All
measurements were completed using a custom-built, automated, high-resolution apparatus
mentioned in previous work.68 The methane isotherm was used as an initial characterization for
the sorption capacity of the substrate, utilizing the Langmuir and BET fits, and then once again at
the end to ensure the sample integrity. For these studies, 19.8 mg of HKUST-1 was loaded into
an oxygen free high conductivity (OFHC) copper cell under UHP Argon atmosphere glove bag.
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Detector Design
The circuit for the microbalance was developed using a generic Pierce oscillator circuit on
a custom printed circuit board designed around the OpenQCM open-source project. The
components for the circuit were sourced from Digikey. The Pierce oscillator circuit was used
because of the high stability, simplicity and low power consumption.110 The microbalance
consists of an 8 MHz AT-cut quartz crystal connected to a Teensy 3.2 microcontroller that
interfaces with the OpenQCM software to record frequency with regards to time. The operation
is also controlled by a LabView-based program; however, the process will eventually be
automated. Shielding is an important aspect of the sensor due to the constant influence of
surrounding electromagnetic interference, so it was encased in a 2.52 x 2.28 x 1.38” aluminum
BUD box and the quartz crystal vacuum feedthroughs wired straight into the headspace (6 mL)
of the sampling chamber. The sensor is shown in Figure 34.
In Operando Scheme
To fabricate a systematic way of testing ethylene concentrations for preliminary studies,
a low volume gas manifold was created to facilitate volumetric expansions into the detector
headspace to sample analyte gases. The system was controlled using LabView operated
pneumatic valves and data was recorded using the OpenQCM software. A schematic of the set
up can be seen in Figure 35 and an example of data collection can be seen in Figure 36. The
sampling mechanism follows as such:
1. Valve 1 is opened to atmospheric pressure and allowed to come to thermal equilibrium
2. Valve 1 is closed and valve 2 is opened to expand gas into evacuated detector volume
3. OpenQCM records frequency change over 10 minutes and then saves data
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Figure 34 − Custom built QCM with teensy circuit with USB-A interface, QCM holder with
vacuum feedthroughs, and shielded detector headspace (5.65 mL) with ¼ inch Swagelok fitting
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Figure 35 − Sensor scheme implementing decorated QCM into vacuum line with sampling
chamber.
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Figure 36 − Example of in operando measurement following steps 1-5 in the collection process.
The frequency decreases upon expansion to the produce sample where gas goes into the
headspace of the detector. The frequency then increases again when the sensor is opened to the
vacuum pump.
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4. Valve 3 is opened to the vacuum pump and the frequency returns to baseline
5. Detector volume is held under vacuum until next point is collected following 6 hours later
where valve 2 is closed prior to expansion.
The method used allows for simplistic automation without the complications of PID
settings and high-resolution pressure transducers, though for the sake the initial studies high
accuracy pressure transducers were incorporated into the design. It is also well known that water
has a high binding energy (47.3 kJ/mol)111 to HKUST-1 compared with ethylene (35.7 kJ/mol) so
in order to get around this, 3A molecular sieves were put in line with the sensor to abuse the size
selective ability of the sieves to siphon water (kinetic diameter = 2.65 Å)112 from the analyte gas
mixture and allow the ethylene (kinetic diameter = 3.9 Å)113 to pass through to the sensor. In the
sampling chamber there was also a small septum to allow for the desiccator to stay at
atmospheric pressure but limit diffusion of the atmosphere inside. The reason for this is that
aside from ethylene, CO2 is also a regulatory gas in the metabolic pathways for biosynthesis of
ethylene and, at a certain point, it inhibits further ethylene production until this balance of partial
pressures is disturbed.114 This will be seen later in results through Figure 46.

Discussion and Results
Topography
The concentration water in ethanol has been seen to affect the morphology of HKUST-1,
so AFM measurements were completed to get an initial characterization of the particle size and
surface roughness.115 The results from these measurements can be seen in Figure 37, where the
grain size of the HKUST-1 crystallites ranged from 150-270 nm in the measured regions. The
average roughness (Ra) of the sample was 5.38 nm. This information shows that the distribution
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Figure 37 − AFM of HKUST-1 on surface of silver electrode on quartz crystal in 5 um x 5 um (A)
and 332 nm x 332 nm (B) dimensions.
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of drop cast HKUST-1 crystallites are evenly distributed across the surface of the silver electrode
while the sample roughness still promotes a high surface exposure of the MOFs.
Adsorption Isotherms
The surface area of HKUST-1 was determined using both Langmuir and BET fit parameters.
The surface area of each was determined using the cross-sectional area of methane (16.4 Å2)54
along with the moles necessary to complete the monolayer as seen in
𝑆𝐴 = 𝑛𝑚 𝑁𝐴 𝜎

(49)

where nm is the moles adsorbed in a monolayer of gas, NA is Avogadro’s number, and 𝜎 is an
estimation of the area of the adsorption site, which for simplicity is approximated as the crosssectional area of the adsorbate. The specific surface area was determined to be 1119.9 m2/g
using the Langmuir method with methane gas and the BET method gave a surface area of 703
m2/g as plotted in Figure 38. Though on the lower end of the reported range of the surface area
for BET isotherms with nitrogen (692.2 – 1635 m2/g), this surface area characterization still shows
a high sorption area necessary for high sensitivity mass measurements with a quartz
microbalance sensor.116 Surface area characterization with methane was also completed after all
the ethylene isotherms to validate the integrity of the sample, through verifying that the surface
area of later measurements remained consistent with the value from the initial methane
characterization isotherm. It is expected that the Langmuir isotherm gave a better fit of data
given the reported zero coverage enthalpy of adsorption for methane (-21 kJ/mol) is on the
higher end for physisorption, showing behavior consistent with a type I isotherm.
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Figure 38 − Langmuir isotherm (left) and BET isotherm (right) linear fits of methane at 77 K on
HKUST-1.
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Thermodynamic Behavior
A series of volumetric adsorption isotherms were completed for ethylene on HKUST-1 over the
temperature range of 110 K to 140 K and a summary of these results can be seen in Figure 39.
Each measurement contains roughly 100-150 pressure data points. Low temperature/low
pressure isotherms were performed to get an idea of the average binding energy, differential
entropy, and differential enthalpy of the system using Larher’s formalization of the ClausiusClapeyron plot.55, 57 The equilibrium pressures for the plot were collected by comparing the
isothermal data against the derivative plot to locate layer formation and sub steps through
location of maxima in the derivative peaks. These equilibrium pressures at each peak (n) were
then plotted against the inverse temperature to give the plot the data in a linear equation
ln(𝑝) = 𝐵 (𝑛) −

𝐴(𝑛)
𝑇

(50)

where A and B are fit parameters corresponding to the slope and y-intercept, respectively, and n
represents the number of layers formed by the adsorbate for an equilibrium pressure (p) and
temperature (T). From this the differential enthalpy, differential entropy, and heat of adsorption
can be calculated by a comparison of the linear fit parameters for each of the respective layers
(n) and the 3D bulk phase (n=) of the gas using:
∆𝐻 (𝑛−∞) = −𝑅(𝐴(𝑛) − 𝐴(∞) )

(51)

∆𝑆 (𝑛−∞) = −𝑅(𝐵 (𝑛) − 𝐵 (∞) )

(52)

(𝑛)

𝑄𝑎𝑑𝑠 = 𝑅𝐴(𝑛)

(53)

This formalism is mainly used for homogeneous systems, nevertheless, it provides insight
into the average energy over all adsorption sites. From the extensive series of high-resolution
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Figure 39 − Isotherm series for ethylene on HKUST-1 from 106-136 K.
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isotherms, the heat of adsorption (binding energy) for the main pore channels and cages was
found to be 12.6 kJ/mol, along with the other thermodynamic values in Table 9. The ClausiusClapeyron fit can be seen in Figure 40. This implies that there is an emphasis on low energy
binding sites, while it is recognized that there is chemisorption to the uncoordinated Cu +2 binding
sites (39 kJ/mol at zero coverage).103 In the literature, the consensus shows that the binding to
the copper sites will take place first, being more energetically favorable especially at low
pressure,49 however noise in the low pressure region of these measurements made it difficult to
characterize the adsorption energy of ethylene to the Cu+2 sites. This is not an instrument
problem directly but a result of long equilibrium times with dense porous materials, which
creates difficulties in automating the equilibrium condition of the software (based on the rate of
pressure change). Therefore, most of these isotherm measurements cover the interaction of
ethylene inside the pores of HKUST-1, which are largely responsible for the high surface area
incorporated into the microbalance sensor for improved sensitivity.
Another important value extrapolated from the Clausius-Clapeyron fit is the high entropy
value of 89.1 J/K. Given the unfavorable differential enthalpy value in relation to the bulk vapor
phase of ethylene, it is likely that entropy of the system drives the spontaneous binding of
ethylene at higher temperatures. Along with the thermodynamic values for the pore channels,
there is also an interesting feature that was identified in the low temperature isothermal data,
which is reported in the table as n=1a. It is likely that this layering transition is a result of a phase
change that takes place in the pore channels at low temperatures. A similar feature above the
triple point has been reported in both experimental and grand canonical Monte Carlo simulations
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Figure 40 − Modified Clausius-Clapeyron plot for ethylene on HKUST-1 showing the monolayer
(n=1), sub step feature (n= 1a) and 3D bulk phase (n= bulk) over the 106-136 K temperature
range.
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Table 9 − Thermodynamic values for ethylene on HKUST-1 from the Clausius-Clapeyron fit
parameters.

n=1
n=1a
n=bulk

A

B

1514.3
1697.4
1844.3

6.9751
9.6242
17.686

Qads
kJ/mol
12.56
14.11
15.33

117

Enthalpy (H)
kJ/mol
2.74
1.22
-

Entropy (S) J/K
89.05
67.03
-

for Argon in HKUST-1.117 A further understanding of these results could be completed through a
molecular dynamics simulation, however, for the sake of this work, it emphasizes the necessary
low energy binding necessary for the sensor to reversibly interact with ethylene gas.
Isosteric Heat of Adsorption
Another complimentary result determined from the volumetric isotherm data was the
isosteric heat of adsorption. The isosteric heat is defined by118
𝜕 𝑙𝑛𝑃

𝑄𝑠𝑡 = −𝑘𝐵 ( 𝜕1/𝑇 )

(54)

𝑛

where kB is the Boltzmann constant. By taking the equilibrium pressure at constant coverage for
9 isothermal data sets and plotting it against the inverse temperature, a series of the slopes were
collected and presented in Figure 41 where the slope is proportional to the isosteric heat. By
plotting the isosteric heat at different coverages with an isotherm (140.07 K), a comparison can
be made about the binding events at different points of coverage in the measurement, shown in
Figure 42. The low coverage was portion was too noisy to resolve a zero coverage isosteric heat
but the inflection hints at a much higher isosteric heat for the Cu2+ binding sites. Along the middle
region where the pockets and pore channels are being filled, the average isosteric heat of roughly
11 kJ/mol pairs nicely with the Clausius-Clapeyron data until the monolayer is complete, where
a sharp spike in the isosteric heat to 24.3 kJ/mol occurs at the suspected phase change inside the
pore channels. These results help emphasize both highly favorable binding already presented in
the literature, as well as low energy filling of a high surface area material. This was an important
consideration for the detector given that it not only needed to selectively bind ethylene but be
able to desorb it in a reasonable amount of time.
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Figure 41 − Plot of isosteres at different coverages as a function of 1/T.
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Figure 42 − Plot of the isosteric heat of adsorption with an ethylene isotherm at 140.07 K to
show how Qst changes with coverage.
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Selectivity towards Ethylene
In order to test the selectivity towards ethylene with this sensor, multiple gases that
naturally appear in the atmosphere were tested via consecutive 1 torr additions of sample gas to
the sensor headspace to probe the response of each adsorbate gas. These measurements are
displayed in Figure 43, and corresponding linear fits in Table 10. Most of the different gases
showed a linear fit with successive additions to the headspace of the detector, however ethylene
exhibited a nonlinear model, which is consistent with what is in the adsorption literature for
HKUST-1. Many QCM-based sensors in the literature for gas studies describe this the frequency
response with a linear fit, however given the complex heterogenous binding present in HKUST1, the fit for ethylene needs to be treated differently.95-98 For weakly interacting gases like
argon117, 119-120 or nitrogen121, a “two step” adsorption mechanism has been observed at low
temperature where for more polar adsorbates with stronger molecule-substrate interactions,
especially at the Cu(II) site, this phenomenon has been documented closer to room
temperature.116 In order to compare the sensitivity of the detector to others in the literature, the
data for ethylene, which falls somewhere in between the two extremes, was divided into two
approximated linear fits to account for the initial high affinity for loading of the Cu(II) sites and
small pockets, and the secondary lower strength interactions inside the HKUST-1 pores. The
frequency change below the intersection of the two linear fits (~265 Hz) can be described by the
first linear approximation, and above by the second. Out of these samples, ethylene had the
highest response of roughly 7 times greater than that of CO2 in the presence of small aliquots of
ethylene, distinguishing the response of the sensor to ethylene in the presence of these other
gases. This, however, was performed strictly for comparison with values presented in the
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literature. A more accurate representation of the frequency response for ethylene can be seen
in Figure 44, where a quadratic is fit to the data with an R2 value of 0.99939. This method allows
for a more accurate prediction of the corresponding amount of the analyte present, in which the
frequency response, or slope, changes instantaneously at different mass loadings. Based upon
the results, the affinity of each gas for the detector can be ranked in the following order: C 2H4
>CO2>O2>N2. Water vapor was left out of the tested gases because of the well-known high
binding energy of water and degradation of HKUST-1.122 In fact, the reactivation of HKUST-1
exposed to water requires heating under vacuum at 200 °C, so this was accounted for by putting
3 Å molecular sieves in line with the sensor.
The experimental binding energy of ethylene (39 kJ/mol), though not as high as that of
water, still provides a favorably high chemisorption energy while being low enough to desorb in
practical settings and act as a detector material.123 This ultimately shaped the reasoning behind
picking copper-based HKUST-1 as the sensitive material over other metal organic frameworks in
the field with proven higher binding energies such as CoMOF-74, MgMOF-74, or FeMOF-74.103 If
the binding energy was too high, the pumping period could take too long to make short,
consecutive measurements.
Sensitivity and Stability of Detector (Hz/ug)
Sensitivity measurements in the linear region were performed for the detector by
introducing microgram (µg) amounts of ethylene gas to the headspace of the detector and can
be seen in Figure 45. The mass of ethylene that was introduced to the detector was approximated
using ideal gas law expansions given that the expansion was both low pressure and room
temperature. Measurements were completed in triplicate in order to provide error bars and
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Figure 43 − Linear plot showing the response of the HKUST-1 decorated QCM to different gases
readily found in air. Ethylene has been split into two approximate linear fits to describe the high
and low energy binding behavior of the adsorbate. Gas was leaked into the headspace of the
detector in 1 torr aliquots from the dosing volume and pressure was monitored with a high
resolution pressure transducer. Each measurement was performed in triplicate.
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Table 10 − Linear fit values corresponding to Figure 43.
Gas
Ethylene (fit 1)
Ethylene (fit 2)
Carbon Dioxide
Oxygen
Nitrogen

Linear Fit
y = 118.28x + 4.35
y = 65.717x + 121.81
y = 17.505x – 1.6397
y = 3.6x + 0.56667
y = 0.92952x + 0.098413
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R2
0.99596
0.99743
0.99868
0.99544
0.99277

Figure 44 − Quadratic fit of frequency response to successive additions of ethylene gas that was
leaked into the headspace of the sensor from a calibrated volume. Measurements were recorded
in triplicate.
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Figure 45 − Calibration plot of frequency change given in response of the amount of ethylene in
the atmosphere of the detector. Measurements were completed in triplicate and spanned the
pressure range of 0.2-1.4 torr of gas.
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reproducibility. The results show that the sensitivity of the detector provide an incredibly linear
response while also giving a sensitivity of 3.3 Hz/µg of dosed ethylene gas, which is on par with
many piezoelectric detectors in this area of research.
Another important aspect of the detector is the stability, which at this mass loading is
around +/- 0.8 Hz. The stability of the sensor can have stability around +/- 0.1 Hz by decorating
the surface with less HKUST-1, however this comes at the cost of decreased sorption capacity
and therefore sensitivity of the detector. Arguably the most important aspect of this detector is
that is it capable of detecting ethylene less than 10 ppm (mg/L), which is a range where ethylene
concentration greatly accelerates the ripening process in fruits. The ripening process can start as
low as the low ppb range,124 however highly concentrated ethylene “hot spots” that severely
accelerate the ripening process are the issue that this sensor was designed with in mind.
Early in Operando Study
Data was collected over a six-day period roughly every 6 hours to measure ethylene
evolution from a banana bunch, sourced from Chiquita, using the detector scheme described
previously. The bananas were acquired near peak ripeness to ensure a quick response of the
detector and contained inside the desiccator. A pierced septum in the desiccator allowed for
limited diffusion with the surrounding atmosphere so that the sample atmosphere maintained a
consistent pressure between measurements. As seen in Figure 46, the bananas took roughly 2
days to reach a point where ethylene stopped being produced in greater quantity, likely due to
the regulatory partial pressure of CO2, and yielded a mass loading consistent with roughly 55
ng/cm2 of bound ethylene. The frequency response was corrected for the change in pressure
according to the frequency calibration of the blank microbalance.
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Figure 46 − Pressure corrected measurement of sensor response to ethylene produced from
bananas. Mass loading of ethylene is based on the resonant frequency of an 8 MHz quartz crystal.
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Conclusion
This chapter discusses early results in the development of an QCM decorated with the
HKUST-1 MOF with the purpose of sensing small quantities of ethylene in the atmosphere.
Adsorption isotherm measurements were performed in order to both characterize the surface
area as well as provide insight into the binding energy over all sites available in HKUST-1 for
ethylene. The 12.6 kJ/mol average binding energy suggests a heavy contribution from some of
the lower energy, but still relevant, side pocket and pore channel sites while not forgetting
importance of the higher energy Cu+2 uncoordinated metal sites. It is because of this weaker
interaction that HKUST-1 can perform as a quickly reversible, yet sensitive ethylene detector. The
entropy of the of ethylene with HKUST-1 is also believed to play a significant role in the favorable
interaction of ethylene with the porous network at higher temperatures.
The study also emphasized the difference in affinity for ethylene over other gases such as
CO2, O2 and N2, where the response of ethylene to the sensor was found to be more than 4 times
greater than the next greatest responding sample. Finally, the sensor showed a sensitivity of 3.3
Hz/µg to ethylene gas and provided a working example of measuring ethylene production from
bananas. Though it doesn’t currently have the capability to measure ethylene in the low ppb
range, which is where ripening starts, it still shows promise as a low-cost sensor where larger
amounts of ethylene drastically accelerate early ripening, such as the marketplace.
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CHAPTER FIVE– CONCLUSIONS AND FUTURE WORK
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The neutron vibrational spectrum of biaxially-oriented PET was examined in comparison
with highly-crystalline PET to investigate the dynamics of a widely used polymer film. Vibrational
modes in the spectrum were assigned using the output of a DFT calculation in the INS program
Oclimax to generate a calculated NVS spectrum. These results help provide a fundamental
understanding of the vibrational modes linked to different conformations of the ethylene glycol
unit (gauche and trans) that show up in different ratios based on varying crystallinity. From the
heightened ability of neutron scattering to probe hydrogen motion, the most intense peaks in
the NVS spectrum were seen to be composed of both in- and out-of-plane bending modes from
phenyl ring hydrogens. Surrounding these modes were found to be EG conformation-specific
torsional, rocking, and wagging modes, which decrease in intensity due to induced structural
disorder. Though specific vibrational assignments relevant to the conformational structure were
determined, a study of the phonon region of the spectrum could be valuable in providing a
complete assignment of the NVS spectrum. This can be accomplished with a larger phonon
density of states calculation on a supercell of crystalline PET to help account for phonon
dispersion in the spectrum. Future Gaussian calculations (B3LYP/6-31G) will also be included on
both trans and gauche EG chains to acquire gauche contributions to the NVS spectrum, since a
periodic DFT can only model the trans contribution.
In the second study the viability of HKUST-1 as an ethylene sensitive material for a quartz
microbalance sensor was studied and successfully applied. The commercially acquired HKUST-1,
Basolite C300, was characterized using isotherm measurements to find the absorbance capacity
(77K with methane) as well as thermodynamic properties (110K-140K). The surface morphology
and roughness were also characterized using atomic force microscopy. The characterization
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revealed a weak binding interaction (physisorption) aside from well-known chemisorption
interaction with the Cu2+ sites, which helped describe the selective, yet highly reversible nature
of the interaction. The surface characterization also indicated an even dispersion of HKSUT-1
crystallites across the silver electrode. In addition to preliminary characterization, a microcontroller based QCM sensor was constructed, decorated with HKUST-1 and tested both with
different gases (oxygen, nitrogen, CO2, and ethylene), and with the byproduct gas from bananas.
The study indicated a preference to detecting small quantities of ethylene gas with high
sensitivity and showed initial measurements indicating ethylene production from produce over
a 6-day period. To improve the sensor, switching to a 10 MHz crystal would allow for a much
greater sensitivity while still maintaining a reasonable stability. A calorimetry study of HKUST-1
with ethylene could also provide a more accurate binding energy for ethylene with the Cu 2+ sites
specifically. This could be done using a thermogravimetric and differential scanning calorimetry.
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